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Lowbush blueberry, Vaccinium angustifolium Aiton, is both an economically and 
culturally important crop in Maine, being one of the few endemic crops to North America. The 
fungus Monilinia vaccinii-corymbosi (Mvc) causes mummy berry disease and is a significant 
pathogen of both highbush (Vaccinium corymbosum) and lowbush blueberries. While impacts of 
this disease are not regularly documented, it is estimated that 30-50% of the yield in an 
unmanaged field can be lost because of Mvc. This disease is typically managed with fungicides 
or burning of the field during years when the field is pruned, however, the impacts to the 
population structure of this fungus by these management practices is not known. Management 
could have an effect on genetic diversity due to selection or the reduction of population size. 
Higher genetic diversity and rates of recombination of Mvc could potentially increase the risk of 
developing resistance to fungicides or other management strategies, and it could allow for the 
infection of genetically diverse lowbush blueberry plants. Using microsatellites developed for 
Mvc of highbush blueberry and specimens collected from three stages in its lifecycle, 
  
ascospores, conidia, and pseudosclerotia, the population structure of Mvc in lowbush blueberry 
fields was explored to better understand the genetic structure and reproductive system of Mvc. 
The present study compared differences within and among Mvc populations obtained 
from various field types. Fields are selected and categorized as either entirely in prune or crop 
(which produce fruit every other year) or split between prune and crop (which produce fruit 
every year in separate portions of the field) which may affect genetic diversity of Mvc based on 
availability of susceptible lowbush blueberry tissue. Mvc populations were also compared among 
fields that are organic, transitioning to organic, managed with fungicides, or are completely 
unmanaged populations of Mvc harvested from the forest which may not be affected by genetic 
selection events associated with fungicide application or field burning.  
A large degree of genetic diversity was observed from the twelve different fields, with 
199 unique multilocus haplotypes (MLH) occurring in an original sample of 232 isolates, which 
was clone corrected to 203 isolates. Twelve private alleles, including six private alleles with 
frequencies above 0.05 which indicated gene flow, were observed in six out of twelve fields with 
the majority occurring in the Down East region. Fields were analyzed to determine differences 
within and among populations and regions, and the majority of variation was seen within fields. 
However, there were no significant differences among fields when comparing region, 
management strategy, or split to entire fields. There may have been a minor effect of manager on 
MVC populations. Factors that may affect gene flow are the close proximity of fields and sharing 
of equipment between fields. The optimum number of genetic clusters was identified to be two, 
and while no fields were fully assigned to one cluster or another, similar patterns were seen 
among some fields. The population of Mvc in Maine as a whole is mostly a sexual, outcrossing 
population as was seen in the diversity of MLH and validated by low amounts of linkage 
  
disequilibrium. Homothallic and heterothallic apothecia were both found in fields identified as 
mostly sexual and mostly clonal. Three fields were found to be clonal but are hypothesized to be 
displaying pseudohomothallism in which outcrossing individuals are closely related and their 
offspring appear to be clonal. Finally, the majority of private alleles were seen in pseudosclerotia 
isolates and the presence of two unique MLHs within a single pseudosclerotium could indicate 
that gene flow is occurring via conidia which result in the production of pseudosclerotia. 
This study found that Mvc within Maine is a highly diverse sexual population, although 
homothallism is present. Some fields appear to have slightly higher amounts of clonal 
reproduction, but are not strictly reproducing clonally, as diverse MLHs were noted in these 
fields. It was also observed that while no fields fall neatly into one of the two genetic clusters 
identified, there are some fields with similar patterns of clusters which could indicate similarities 
between fields which share equipment and common managers. Management does not appear to 
greatly effect genetic diversity and Mvc may be one large statewide population in Maine. 
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CHAPTER 1 
MONILINIA VACCINII-CORYMBOSI AND ITS IMPACTS IN MAINE 
1.1 Introduction to Wild Lowbush Blueberry 
In Maine, wild or lowbush blueberry (most commonly Vaccinium angustifolium Aiton) is 
both an economically and culturally important crop. In 2017, nearly 67.7 million pounds were 
produced in Maine alone (USDA, 2018). Culturally, this endemic crop is cherished by many and 
has been featured in books and annual festivals. While well adapted to the environment in 
Maine, lowbush blueberries are not without pests and pathogens. Monilinia vaccinii-corymbosi 
(Reade) Honey (Mvc), the causal agent of mummy berry, is a significant pathogen of both 
highbush (Vaccinium corymbosum) and lowbush blueberries. Because of the large impact of 
mummy berry on lowbush blueberries, it is important to have a more comprehensive 
understanding of the pathogen’s life cycle and the impacts of various management methods on 
the population dynamics of this fungus.  
In the state of Maine, lowbush blueberries make up a large portion of many growers’ 
incomes. From a survey taken in 2015 of 161 lowbush blueberry growers, 71% responded that 
they were either somewhat or completely dependent on the success of their blueberry field with 
respect to their economic livelihood (Collum and Hanes, 2015). A large percentage of these 
growers (43%) managed between five and twenty-five acres of lowbush blueberries, and more 
than half of the growers (54%) reported yields between 2000 to 4000 pounds per acre over the 
five-year period preceding the survey (Collum and Hanes, 2015). 
Although many growers rely heavily on income realized through lowbush blueberry 
production, the industry has been struggling in recent years. The price per pound of lowbush 
blueberries has been cut in more than half in recent years (USDA, 2017). The average price per 
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pound for processed berries in 2014 was $0.608 per pound, and in 2016 it decreased to $0.272 
per pound (USDA, 2017). The price remained low in 2017 at $0.260 per pound (USDA, 2018). 
This low price has impacted the total amount of blueberries harvested as several growers stated 
they are not harvesting their crop because it is no longer profitable (Seanna Annis, personal 
communication, July 2019). According to reports from 2014-2016 and 2015-2017 from the 
United States Department of Agriculture, yields per acre have slowly decreased since 2014, from 
4,580 pounds in 2014 to 4,400 pounds in 2016 and 3,980 pounds in 2017 (USDA, 2017; USDA, 
2018). While the total production slightly decreased from 104.4 million pounds in 2015 to 
101.64 million pounds in 2016, in 2017, the total production dropped to 67.65 million pounds 
likely due to low prices for processed berries (USDA, 2017; USDA, 2018). The low price and 
yield also is reflected in the total annual value of utilized production, which decreased from 
$63.48 million in 2014 to $17.561 million in 2017 (USDA, 2017; USDA, 2018). Sale of fresh 
berries yielded a higher price of $2.20 per pound in 2017, however this only represents roughly 
0.5% of all lowbush blueberry production in Maine, as the majority is produced and sold to 
processors (USDA, 2017). Because the majority of U.S. produced lowbush blueberries are grown 
in Maine, these numbers are also representative of the entire United States, although there is 
lowbush blueberry production in Canada as well. 
Lowbush blueberry is one of the few crops endemic to North America and grows in 
varying elevations from sea level to 1,500 meters in the Appalachian Mountains (Hall, 1979). 
Lowbush blueberries grow in a wide variety of climatic conditions, but factors such as soil 
moisture, extreme cold, sunlight exposure, and rainfall can influence the successful growth of the 
plant (Hall, 1979). Lowbush blueberries grow unmanaged in the forests of Maine, but the 
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majority of commercial blueberry production in Maine is located in the Down East region near 
the Atlantic coast (Yarborough, 2009). 
A lowbush blueberry plant, called a clone (a genotype), grows via rhizomes, which 
spread and produce aboveground stems of the plant (Yarborough, 2009). Individual aboveground 
stems, each called a daughter ramet, originate from the same network of underground rhizomes 
and are a genetically identical continuation of one individual plant unless physically separated 
underground (Bell, 2009). The variety of clones in a lowbush blueberry field display many hues, 
differences in phenology, and dissimilar genetics among the clones (Yarborough, 2009).  
Lowbush blueberry overwinters without leaves and can be insulated by snow cover which 
protects the plants and prevents extensive frost damage or winter kill (Hall, 1979). In April, the 
plants begin to open their flower buds and new leaves (Hall, 1979). The flowers are typically 
pollinated by bees and other pollinators, and the majority of flowers are cross pollinated (Hall, 
1979). Although previously thought to be almost entirely self-infertile, Bell (2010) demonstrated 
in a field study that only 18.5% of self-pollinated lowbush blueberry plants did not set fruit but it 
was also noted that lowbush blueberry is much less self-fertile than highbush blueberry. In late 
summer, depending on the stage of the plant, berries ripen or flower buds are produced (Hall, 
1979). The leaves then turn red, and usually abscise by October (Hall, 1979).  
Lowbush blueberry seeds are produced in high numbers, up to 64 per berry and are 
spread in the droppings of birds and other mammals (Hall, 1979). However, lowbush blueberries 
are not intentionally propagated via seed in commercial fields (Scott et al., 1973). Lowbush 
blueberries will also spread by rhizomes and reproduce a new plant asexually if the rhizome is 
severed within a clone (Hall, 1979). In the initiation of a commercial lowbush blueberry field, 
the land owner will clear cut the forest of trees and other plants. The presence of lowbush 
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blueberry rhizomes, and the sudden lack of competition by other plants, enables the rapid growth 
and proliferation of lowbush blueberries, and thus the establishment of a field for commercial 
production. These same plants will continue to grow as long as a field is managed and other 
plants are not allowed to shade out the lowbush blueberries.  
To maintain the field commercially, the plants are grown in a two-year cropping cycle, in 
which the plant grows vegetatively and produces flower buds during the first year and produces 
fruit in the second year after overwintering (Strik and Hancock, 2017). After harvest, the fields 
are pruned to reinitiate the cropping cycle and reduce the presence of pests, weeds, and 
pathogens. Pruning can be accomplished by mowing or burning to remove aboveground portions 
of the plant. Often times, growers will divide their fields to have a portion in the first year of the 
cropping cycle (referred to as prune or vegetative year) and another portion of plants in the 
second year, which will produce flowers and fruit (referred to as the crop year). Other times, 
growers will have fields which are entirely in the prune or crop cycle. The benefit of having both 
prune and crop portions in a field is to ensure fruit production each year because plants will not 
produce a yield of fruit during the prune year.  It is common to prune a field every two years in 
order for the plants to produce the highest yield, which will typically occur if the plants are 
pruned postharvest (DeGomez, 1988).  Fields are pruned by mowing or burning, depending on 
the size of the field, terrain, and grower preference. In organic fields, occasional pruning by 
burning is preferred because burning can have the benefits of not only restarting the two-year 
cycle, but also the destruction of pests such as overwintering insects, weed seeds, and fungi. In 
conventional fields, mowing is more commonly practiced because of the high cost in labor and 
fuel for burning and associated hazards with burning. Mowing is also not dependent on weather, 
and as long as the field is level, it is much easier to perform than burning (DeGomez, 1988). 
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Mowing is less costly than burning once the required equipment is initially purchased or if the 
equipment is shared between fields, and the field is leveled and rocks are removed, if necessary 
(DeGomez, 1988) and pesticides or other management strategies can be utilized to mitigate 
disease, weed pressure, and damaging insects. 
 
1.2 Monilinia vaccinii-corymbosi, the Causal Agent of Mummy Berry  
Monilinia vaccinii-corymbosi (Mvc), the fungus which causes the symptoms of mummy 
berry, has a complex and highly integrated relationship with the lowbush blueberry. While once 
thought to belong to the Sclerotinia genus, Monilinia spp. are now understood to be distinct 
(Batra, 1983). Although Mvc will infect several species within the Vaccinium genus (Batra, 
1983), because of its significance to the state of Maine, the focus of this study is given to its 
effects on and relationship with lowbush blueberry. 
Mvc infects in two disease stages. The first disease stage is a leaf and flower bud blight, 
which occurs roughly two to three weeks before bloom (Lockhart, 1961). This blight is the result 
of infection by ascospores which are produced from small cup-like apothecia which emerge from 
pseudosclerotia (Batra, 1983). The lesions of the primary infection stage appear water-soaked 
and form along the margins, mid-rib, leaf base, and on the flower buds (Lockhart, 1961). While 
not essential for infection, late spring frosts can make the plants more susceptible to blight, as 
documented in a study by Hildebrand and Braun (1991), in which incidence of infection by Mvc 
was higher in lowbush blueberry following a frost event causing damage to more developed 
floral and vegetative buds. The infection eventually results in desiccated, conidia-bearing tissue 
(Lockhart, 1961), which appear concurrently with floral blooming (Ngugi et al., 2004). The 
mimicry of floral blooms to ensure the infection of flowers is exercised by the conidia of Mvc 
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(Ngugi et al., 2004; Batra, 1983). From the desiccated and conidia covered shoots, the fungus 
reflects ultraviolet light at a nearly identical wavelength to that of the blueberry flower (Batra, 
1983; Ngugi et al., 2004). Additionally, Mvc infected tissues and healthy blueberry flowers 
produce organic volatiles, namely cinnamyl alcohol and cinnamic aldehyde, and both 
compounds have been found to significantly increase the attraction of bees (McArt et al., 2016). 
Insects that normally disperse pollen between flowers also vector Mvc conidia to healthy blooms 
(Ngugi et al., 2004). Additionally, Mvc conidia utilize the stigmatic exudate of blueberry flowers 
to enhance their germination (Ngugi et al., 2004). In the secondary disease stage, after the 
conidia germinates and grows down the blueberry flower’s style, Mvc hyphae colonizes the 
ovary and it is transformed into a pseudosclerotium (Shinners and Olsen, 1996). The 
pseudosclerotium is commonly referred to as a mummy, hence the common name of the disease. 
Initially, the mummies will appear a grey color, but at maturation, a hard, black pseudosclerotia 
is revealed (Lockhart, 1961). After overwintering, one or more apothecia emerge from a 
pseudosclerotia and eject ascospores and begin the primary infection again (Ngugi et al., 2002).  
Concurrence of vegetative bud break in blueberries and timing of Mvc ascospore 
dispersal have a highly integrated relationship (Lehman and Oudmans, 1997). Lehman and 
Oudmans (1997) tested the relationship of phenology of apothecial sporulation to host 
developmental phenology in highbush blueberries. Because of the use of phenologically distinct 
cultivars in highbush blueberry production, Mvc infecting a cultivar which develops earlier was 
selected and contrasted with Mvc infecting a cultivar which develops later (Lehman and 
Oudmans, 1997). In their study, pathogen phenology mirrored host phenology, and early 
apothecial germination was seen in pseudosclerotia collected from cultivars which develop 
earlier compared to late germinating apothecia from cultivars which develop later (Lehman and 
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Oudmans, 1997). In lowbush blueberry production, because of the high diversity of clones, 
variation in disease avoidance by phenology could be expected. Clones which produce leaf and 
flower buds later or slower on average did appear to avoid Mvc blight as a result (Penman and 
Annis, 2005).  
Mvc can cause significant economic losses to growers, especially those who are 
completely or partially reliant on lowbush blueberries as a major source of income (Collum and 
Hanes, 2015). While not often well documented, in New Hampshire during the growing season 
of 1974, an estimated 70-85% of highbush blueberry crops were lost because of Mvc (Wallace, 
1976). Additionally, in British Columbia in the 1969 crop, 8.14% was lost to the fungus, which 
can be estimated as $750,000 loss (Pepin, 1969). It was also observed in lowbush blueberry that 
the incidence of Mvc can lead to a reduction in berry number and weight (Penman and Annis, 
2005). In years of optimal disease conditions in Maine, Mvc can cause devastating crop losses, 
destroying entire clones or leading to an estimated 30-50% crop loss (Seanna Annis, personal 
communication, June, 2018).  
 
1.3 Mummy Berry Disease Management in Maine 
Integrated pest management (IPM) incorporates cultural, mechanical, biological, and 
chemical controls to reduce pest pressures. IPM of lowbush blueberry is commonly practiced in 
Maine and in a survey of 161 lowbush blueberry growers, 55% noted that they practiced IPM 
(Collum and Hanes, 2015). Cultural practices related to controlling the fungus include burning 
and mulching. In a study by Lambert (1990), a field which was mowed for the last 5 crop cycles 
and then burned for two cycles displayed an 89.8-fold difference in Mvc, which demonstrates the 
short-term impact of a shift to burning as a method of Mvc management. Mulching with peat 
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was found to be a successful method of Mvc control if it was applied before leaf buds were 
susceptible (McGovern and Annis, 2012).  
 Chemical control has also proven highly successful in controlling this disease, and it is 
currently the most commonly used control method in conventional fields (Scherm and 
Hildebrand, 2017). In lowbush blueberry fields, the majority of yield losses come from leaf and 
flower blight as a result of primary infection and can be mitigated with two applications 
occurring 7-10 days apart depending on phenology and weather (Scherm and Hildebrand, 2017). 
While many fungicides are used in rotation or as a mixture, the most commonly used fungicide is 
propiconazole (Scherm and Hildebrand, 2017; Thompson and Annis, 2014). An important tool in 
Mvc management in Maine has been the development and implementation of the Mummy Berry 
Forecasting System, which gives growers suggestions to improve fungicide application timing 
based on apothecial germination and regional weather conditions (Annis et al., 2013).  
In a study by Thompson and Annis (2014), sensitivity to propiconazole and 
fenbuconazole was studied in Mvc collected from organic, conventional, and unmanaged 
populations of lowbush blueberry. The average concentration of propiconazole needed to reduce 
the growth of mycelium by 50% was 0.021µg/ml for Mvc from conventional fields, 0.018µg/ml 
for Mvc from organic fields, and 0.016µg/ml for Mvc from unmanaged areas, but no significant 
difference for fenbuconazole was seen among the three populations (Thompson and Annis, 
2014). The lower sensitivity of Mvc to propiconazole in conventional fields compared to organic 
and unmanaged populations is of concern, though no true resistance has yet been observed 
(Thompson and Annis, 2014).  Furthermore, the use of a limited number of fungicides in 
conventional management could eventually give rise to loss of sensitivity, or even resistance by 
the fungus. 
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 There are several commercially available options for biological control. In lowbush 
blueberry, SerenadeMax proved the most successful organic material against Mvc, with control 
plots exhibiting 36% infection and SerenadeMax treated plots showing 22% and 24% disease 
incidence (McGovern and Annis, 2012). There is a lot of area for exploration with respect to use 
of biological control agents, which includes different application methods of these substances. In 
a study performed in 2004, honeybees, which vector both pollen and conidia to susceptible 
flower buds, were employed to deliver the biocontrol Serenade to flowers (Dedej, 2005). Using 
hive-mounted dispensers, the honeybees carried 5.1 x 105 (± 1.2 x105) colony forming units of 
Bacillus subtilis, the biological control agent present in Serenade and SerenadeMax(Dedej, 
2005). The use of bee-vectored Serenade significantly and consistently reduced the incidence of 
secondary infection by Mvc (Dedej, 2005). 
 
1.4 Microsatellites and Their Use in Population Genetics 
 Microsatellites, also known as short tandem repeats (STR) are a region of DNA with a 
variable number of nucleotide repeats in a noncoding region of the genome (Conner and Hartl, 
2004). Microsatellites occur in short repeats of two to nine nucleotides and can have a large 
amount of variation between individuals, especially in shorter repeat units (Conner and Hartl, 
2004). Microsatellites are thought to be highly variable because of the high rate of DNA 
polymerase slippage during replication causing an insertion or deletion of one or two repeat units 
(Bruford and Wayne, 1993; Tenzer et al., 1999). Microsatellites and other STRs are useful in 
population genetics studies because they are usually polymorphic and highly variable within a 
species, the primer sequences can occasionally be transferred between species, and they are 
highly replicable (Tenzer et al., 1999).   
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A thermostable DNA polymerase is commonly used in PCR applications and is obtained 
from the thermophilic bacteria Thermus aquaticus, also referred to as Taq (Gelfand, 1989). 
Microsatellites are targeted using unique primer regions which flank the microsatellite on either 
side and are referred to as forward and reverse primers, accordingly. DNA polymerase is used to 
facilitate replication of the targeted microsatellite, by rapidly raising and lowering the 
temperature, template DNA is denatured, forward and reverse primers anneal to the DNA, and 
the targeted PCR product is elongated rapidly by DNA polymerase and many copies of this 
region can be obtained in a short period of time (Lorenz, 2012). However, the use of 
microsatellites also can come with several difficulties. Taq DNA polymerase can produce 
incorrect products as a result of incomplete adenylation, which is the non-template addition of 
one nucleotide, usually adenine (Brownstein, et al., 1996). This typically will occur if there is an 
adenine or guanine in the 5’ end of the reverse primer, and can occur irregularly, leading to both 
a product of the correct size and a false product with an additional adenine (Brownstein, et al., 
1996). Fortunately, this can be resolved by the addition of a short string of nucleotides which 
force all of the product to contain the non-template adenine, which can easily be subtracted 
during analysis (Brownstein, et al., 1996). Additionally, microsatellites which have very short 
repeats, such as two nucleotides, are subject to slippage, in which DNA polymerase action can 
skip a repeat and create products which are one less repeat unit than expected, causing erroneous 
additional bands during analysis (Murray, et al., 1993).  Because of these potential errors, among 
others, it is important to be prudent when analyzing, viewing, and discerning peaks following 
fragment analysis to avoid misinterpreting the actual size of a microsatellite. 
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1.5 Previous Use of Microsatellites to Determine Reproduction, Genetic Structure, and 
Diversity of Fungal Plant Pathogens  
Fungi are known to reproduce in cryptic ways and often through a variety of different 
mechanisms. This is further complicated in plant pathogenic fungi, which are subject to 
management methods and potential isolation within a field, which could cause differences in 
allele frequencies as a result. Fungi, in general, reproduce via sexual recombination yielding 
genetically unique offspring and asexually which yields offspring genetically identical to the 
parent (Taylor et al., 1999). In ascomycetes such as Mvc, sexual recombination occurs after the 
fusion of fungal protoplasts, referred to as plasmogamy, the fusion of the two different nuclei, 
referred to as karyogamy, and finally meiosis resulting in haploid ascospores (Alexopoulos et al., 
1996). However, in fungi, recombination is also carried out through parasexuality, or mitotic 
recombination of parental genomes (Taylor et al., 1999). Apparent clonality may also actually be 
the result of pseudohomothallism, in which recombination of closely related siblings gives rise to 
approximately identical offspring (Taylor et al., 1999).  
Studying the genetic structure of plant pathogens can lend insight into population 
structure and reproduction dynamics which are under heavy selection because of disease 
management techniques in cropping systems (McDonald, 1997). Genetic structure is the amount 
and distribution of genetic variation in a population and is a useful tool in determining the 
evolutionary history of an organism (McDonald, 1997). From the genetic structure of a 
population, it is possible to determine trends in gene flow, genetic drift, reproductive strategies, 
and selection (McDonald, 1997). Recently, several studies have implemented the use of 
microsatellites to uncover information on plant pathogen and host dynamics. 
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 The use of variable STR such as microsatellites can be very effective in determining 
approximately how a fungus is reproducing and distributed within a population, especially if 
multiple geographically separated populations are examined (Taylor et al., 1999). Using this 
genetic information, a simple way to determine clonality is through the observance of an 
overrepresentation of particular haplotypes (Taylor et al., 1999). Additionally, the index of 
association can be utilized to determine the variance from what is expected as random mating or 
clonality (Taylor et al., 1999).  
In a study of Monilinia fructicola, which is the causal agent of brown rot of peaches, 
moderate amounts of genetic diversity were observed as 88 unique multilocus genotypes were 
identified out of 264 isolates using 13 microsatellite markers (Everhart and Scherm, 2014). 
These populations were mostly confined to an individual peach tree canopy and 96.7% of 
variation was within individual tree populations and only 3.3% was determined to be between 
populations in different trees (Everhart and Scherm, 2015).  
High amounts of genetic variation will be indicative of higher rates of recombination; 
however, genetic data may also indicate gene flow, genetic drift, linkage disequilibrium, or other 
patterns of genetic structure. Understanding which management strategies incur the greatest 
genetic recombination can afford growers the knowledge of how to reduce recombination of the 
fungus. Higher rates of recombination could eventually lead to resistance to fungicides or other 
management strategies over time as a result of Mvc sharing resistant genes by recombination. 
This exchange of resistant genes via recombination can occur quickly as was seen using 
Aspergillus nidulans as a model organism (Tuyl, 1977). It was found that as little as one loci can 
be responsible for fungicide resistance (Tuyl, 1977). A deeper understanding of fungal 
reproduction could thus lead to improved management practices and reduction of recombination. 
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Burchhardt and Cubeta (2015) examined the population dynamics of Mvc in eighteen 
blueberry fields located in ten states; Georgia, Massachusetts, Maine, Michigan, Mississippi, 
New Jersey, New York, Oregon, and Washington, as well as nine fields in North Carolina. The 
fields were all highbush blueberry fields, with the exception of Maine, which was lowbush 
blueberry. There was a distinction among Mvc collections from different fields, which could be 
representative of Mvc populations, in that some appear to be homothallic, or self-fertilizing, 
while others were heterothallic, or obligate sexual recombining (Burchhardt and Cubeta, 2015). 
Haploid diversity ranged from 0 to 0.582 across all populations (Burchhardt and Cubeta, 2015). 
Seven populations were identified to have low to no haploid diversity in Georgia, Mississippi, 
and 5 fields in North Carolina with few multilocus haplotypes (MLH) identified relative to the 
number of isolates collected from these fields indicating either inbreeding or self-fertility 
(Burchhardt and Cubeta, 2015). In this 2015 study, 23 Mvc isolates were collected from a single 
field in Maine and of those, 22 multilocus haplotypes were identified representing a large 
amount of genetic diversity (Burchhardt and Cubeta, 2015). The conclusions from this study 
suggested that in Maine, there is a high haploid diversity (indicating sexual recombination), 
linkage disequilibrium (indicating random mating), as well as identical multilocus haplotypes 
within a field (indicating inbreeding or selfing). 
Interestingly, it was also found that Mvc isolates collected from Maine clustered 
genetically with seven highbush blueberry fields which had few MLHs present and were thought 
to be either inbreeding or self-sterile (Burchhardt and Cubeta, 2015). As a study exploring the 
population structure of Mvc in lowbush blueberry in Maine across several field categories had 
not previously been performed, this present study intended to expand upon gaps in the 
knowledge of Mvc in lowbush blueberry in Maine. 
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CHAPTER 2 MVC GENETIC STRUCTURE AND REPRODUCTIVE BIOLOGY OF 
MVC IN VARIOUS FIELDS IN MAINE 
 
2.1 Introduction 
 Mummy berry of lowbush blueberry may have large impacts on growers’ yields and in an 
unmanaged field, 30-50% of a crop can be lost to this disease (Seanna Annis, personal 
communication, October 2019). Mvc has coevolved with lowbush blueberry and uses several 
tactics to exploit the plant’s lifecycle and fruit production (Ngugi et al., 2004). From 
overwintered pseudosclerotia, apothecia emerge and produce ascospores in high numbers which 
are ejected and spread by wind (Batra, 1983). Ascospores that land on young vegetative or 
flower bud tissue infect and cause shoot blight that results in the dead plant surface being 
covered with grey colored chains of conidia (Ngugi et al., 2004). When mature, these conidia are 
spread by the wind or by pollinators to susceptible blooms, which are both fertilized by pollen 
and colonized by fungal tissue (Ngugi et al., 2004). The infected berries become pseudosclerotia, 
which are desiccated and rigid overwintering structures of Mvc, that fall to the ground, 
overwinter, and begin the life cycle again (Batra, 1983).  
In 2015, 21 polymorphic microsatellite markers were developed by K.M. Burchhardt and 
M.A. Cubeta for Mvc in blueberry (Burchhardt and Cubeta, 2015). These markers were selected 
based on the lack of linkage disequilibrium and high allelic diversity at each locus (Burchhardt 
and Cubeta, 2015). Of these markers, Burchhardt and Cubeta identified ten as polymorphic for 
use with Mvc in lowbush blueberries, although other developed markers had not been tested 
previously in lowbush populations of Mvc and could potentially be polymorphic (Burchhardt and 
Cubeta, 2015). Burchhardt and Cubeta (2015) conducted studies of the population structure and 
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reproductive biology of Mvc of highbush (17 fields) and lowbush blueberry (1 field) from 
eighteen total fields located in ten states: one field each in Georgia, Massachusetts, Maine, 
Michigan, Mississippi, New Jersey, New York, Oregon, and Washington, and nine fields in 
North Carolina. Some fields had populations of Mvc which appeared to be homothallic, or self-
fertilizing, while other populations were heterothallic, or outcrossing (Burchhardt and Cubeta, 
2015). 
Twenty-two Mvc multilocus haplotypes (MLH) were identified from the 23 Mvc isolates 
collected from pseudosclerotia from an unmanaged population at the edge of a conventional field 
in Maine, that indicated a large amount of genetic diversity (Burchhardt and Cubeta, 2015). The 
conclusions from Burchhardt and Cubeta (2015) suggested that in Maine, there is high haplotype 
diversity that indicated sexual outcrossing, linkage equilibrium that indicated random mating, but 
also two identical multilocus haplotypes from different isolates within a field that potentially 
indicated asexual reproduction producing clones.  
It is still unknown when in its life cycle Mvc becomes dikaryotic, that leads to the sexual 
stage. It has been demonstrated that Mvc can produce both sexual and asexual spores, ascospores 
and conidia, respectively (Batra, 1983). Based on the population of Mvc from one Maine field, 
Burchhardt and Cubeta (2015) determined the population to be a heterothallic, or outcrossing and 
it is expected that high genetic diversity could be seen in other Mvc populations in Maine. 
Because recombination leads to higher diversity, knowing what stage of the life cycle 
plasmogamy is occurring could inform management techniques to target these life stages and 
thus reduce diversity most efficiently. 
Genetic diversity of Mvc from different life stages, ascospores, conidia, and 
pseudosclerotia, will be examined to better understand the life cycle and reproductive strategies 
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of Mvc. Different life stages of Mvc were investigated because this could indicate reproductive 
strategies of the fungus and determine if and when plasmogamy is occurring. In Burchhardt and 
Cubeta’s (2016) fine scale study of one field in North Carolina, the population of Mvc was 
determined to be heterothallic, and tissues from all three different life stages (ascospores, 
conidia, and pseudosclerotia) were investigated. From this single field, three genetically 
differentiated and sympatric populations were observed (Burchhardt and Cubeta, 2016). It is also 
currently thought that isolates collected from different life stages will have similar or the same 
allele frequencies, as was displayed in Mvc of highbush blueberries (Burchhardt and Cubeta, 
2016).  
Ascospores are hypothesized to be the sexual product of either selfing or outcrossing and 
can thus be expected to be either genetically identical or distinct, respectively (Burchhardt and 
Cubeta, 2016). If two or more haplotypes are present in a pseudosclerotium giving rise to an 
apothecium, recombination can occur, giving rise to heterothallic and diverse ascospores 
(Burchhardt and Cubeta, 2016). If only one haplotype is present within a pseudosclerotium, 
genetically identical ascospores will be produced by the apothecia and it is considered 
homothallic (Burchhardt and Cubeta, 2016). Conidia are known to be the product of asexual 
reproduction and are expected to be genetically identical if collected from one location of 
infection on a stem (Burchhardt and Cubeta, 2016).  Conidia are also essential to the completion 
of the life cycle of Mvc because ascospores on their own cannot cause infection of ovaries and 
thus production of pseudosclerotia (Burchhardt and Cubeta, 2016). However, because conidia are 
clonal, they can influence allele frequencies and diversity within a field (Burchhardt and Cubeta, 
2016).  There are a variety of management systems by which growers choose to mitigate Mvc 
and other pests in their lowbush blueberry fields in Maine including the use of fungicides, 
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different types of crop cycles (entirely prune or crop, or split between both), and pruning method. 
The reasons for choosing these various techniques can vary from size of field, cost of inputs, and 
personal preference.  
 Lowbush blueberry exists in four categories of management systems. The first category is 
described as conventional, in which non-organically certified chemical fungicides, insecticides, 
and herbicides were applied to fields. Conventional fields are commonly mowed to initiate the 
two-year growth cycle and are typically treated with propiconazole. The second category is 
organic, in which growers may use various organically certified fungicides, mulches, or field 
pruning by burning to manage disease and other pests. Organic fields may be mowed to initiate 
the two-year growing cycle but are also commonly burned to reduce disease pressure and prune 
the field at the same time. The third category is described as a transitioning field, which was a 
previously conventional field, but is in the process of being converted to an organic field, though 
not yet certified organic. The fourth category is an unmanaged population, which is a wild 
population occurring in the understory of forests in Maine. These populations are not managed 
by humans in any way and are only subject to their environment. 
The genetic structure of Mvc in Maine lowbush blueberries will be examined with 
respect to various types of management and cropping strategies. In organic fields, it is 
hypothesized that more recombination will occur compared to conventional fields because of the 
possible selection pressure of fungicide on Mvc in conventional management. Because 
haplotypes susceptible to fungicides may not survive, their genes will not be represented in the 
subsequent generations, and only haplotypes which are not sensitive to fungicides or which are 
not exposed to fungicide application may survive. It is hypothesized that the greatest variation in 
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fungal genetic diversity of all sites will be present in entirely unmanaged populations of lowbush 
blueberry, due to lack of human intervention by any management or control strategies. 
Of the blueberry fields being studied in Maine, the cropping strategies of some are 
entirely in crop, entirely in prune, or split between prune and crop. Because lowbush blueberries 
are resilient and grown via underground rhizomes, if aboveground portions of the plant are 
destroyed, the rhizomes are still able to send up viable shoots (Bell, 2009), and because of this, 
many growers prune by burning or mowing every two years to force the plants to produce new 
upright stems and begin their growing cycle again. In physically isolated entire fields, Mvc may 
be less able to complete its life cycle in one year compared to split fields, because ascospore 
release from apothecia can already have been completed in prune fields before the emergence of 
new stems with young leaves are available for infection. If ascospores are not able to infect 
lowbush blueberry plants due to the absence of susceptible tissue, the lifecycle will be blocked 
until the following year. Fields that were in split cropping cycles are hypothesized to have higher 
rates of recombination compared to entire fields because all necessary tissue will be available for 
Mvc to complete its life cycle every year resulting in more recombination since it can occur 
every year. 
For this study, twelve different fields, four types of lowbush blueberry management 
systems, three life stages of Mvc, three regions in Maine, and two cropping systems that may 
impact Mvc will be examined. Differences in population genetics and diversity identified 
through the use of microsatellites developed by Burchhardt and Cubeta (2015), will be explored 
to gain insight into the impact on Mvc on a population scale and offer insight into best practices 
of these management systems and may reveal how these methods impact Mvc. 
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2.2 Materials & Methods 
2.2.1 Field Selection 
 Nineteen fields were chosen based on their management practices, locations, and whether 
they were split between crop and prune (Table 2.1). From these fields, collections of Mvc 
apothecia, blighted stems, and pseudosclerotia were attempted to represent different life stages as 
available. Because of low disease presence in some fields, and therefore difficulty in isolating 
ascospores, conidia, or pseudosclerotia, some fields were dropped from this analysis, leaving 
twelve fields representing a diverse range of management and cropping strategies. While no two 
fields are managed in the same way, fields were grouped for analysis by management strategy 
(conventional, organic, transitioning, or unmanaged) and cropping strategy (entirely prune or 
crop or split between both) (Table 2.1). Of these twelve fields, several categories of field were 
represented, with many combinations of four different management types (organic, transitioning, 
conventional, and unmanaged), two crop cycle types (split and entire), and three regions (Down 
East, Mid Coast, and Sebec Lake). However, some combinations were not represented as a result 
of field selection. 
 All fields included in the study were also assigned to different regions of Maine. The Mid 
Coast region included fields in Knox and Waldo counties, the Down East region included fields 
in Hancock and Washington counties, and the Sebec Lake Region was fully in Piscataquis 
county (Figure 2.1).  
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Table 2.1 Information on fields of lowbush blueberry where Mvc was collected. The twelve 
fields of lowbush blueberry in Maine used in this study are designated by regions in Maine and 
management types  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Region of field, DE = Down East, MC = Mid Coast, SB = Sebec Lake 
2 Management strategy, C = Conventional, T = Transitioning to organic, O = Organic,  
U = Unmanaged 
3 Field division, S = Split between prune and crop, E = Entire field in either prune or crop only, 
U = Unmanaged 
† Pork Brook was a split field until 2016 when it was transitioned to an entire field after that. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Field Field ID Region1 Manager Code Management2 Split3 
Airport AP DE 1 C S 
Appleton Ridge Hill ARH MC 2 C E 
Beech Hill BH DE 3 C E 
Big Rock Ridge BRR DE 1 T S 
Donnel Pond DP DE 0 U U 
Hope HO MC 4 T E 
Intervale IV DE 5 O S 
Pork Brook PB DE 1 T E† 
Sebec Lake SB SB 0 U U 
Stockton Springs SS MC 6 O S 
Winterport Field WPF MC 7 T E 
Winterport Unmanaged WPU MC 0 U U 
 21 
 
Figure 2.1 Map showing the locations of sites used in this study, management types, and regions 
of sites used in this study 
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2.2.2 Ascospore Collection and Processing 
 In April and May of 2018 and 2019, pinheads and developed apothecia were collected 
from lowbush blueberry fields and placed in plastic clam shell containers filled with 
approximately 500g sand and 125ml of distilled H2O, which were placed in plastic bags to 
prevent desiccation, and stored in coolers with ice before reaching the lab. If apothecia were not 
fully mature, they were incubated with a fifteen-hour light cycle at 16°C and a nine-hour dark cycle 
10°C to promote maturation to eject ascospores.  
When the apothecia were fully open, they were removed from the pseudosclerotium, cut 
from the stipe, and adhered upside down with VaselineTM to the lid of a petri dish containing 
half-strength potato dextrose agar (PDA; 19.5g Potato Dextrose Agar, IBI Scientific, Dubuque, 
IA; 12.5g agar, LabScientific Inc., Highlands, NJ; 1L sterile water). Every thirty minutes for two 
hours, the lids were rotated 90° to ensure an even spread of ascospores on the surface of the 
medium. Ascospores were then incubated for twelve hours at 20°C. Using a scalpel, single 
germinating ascospores were transferred to a new dish of malt yeast agar (MYA; 20g malt 
extract, HiMedia, Mumbai, India; 3g yeast extract, Sigma-Aldrich, St. Louis, MO; 15g agar, 
LabScientific Inc., Highlands, NJ; 1L sterile water). These isolates were grown at 20°C for a 
week or longer as needed to identify Mvc based on morphology and rule out contamination. Pure 
isolates were transferred to autoclaved cellophane (Bio-Rad, Hercules, CA) placed on MYA. 
Additional subcultures were stored on MYA slants at 4°C and in 700µl of 10% Glycerol (Fisher 
Scientific, Fair Lawn, NJ) stored at -20°C. 
 
 2.2.3 Conidia Collection and Processing 
 Plastic clam shell containers were prepared in the same way as for apothecia and brought 
to the field to collect conidia covered stems. Individual stems showing blight symptoms were 
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collected, pruned, and placed upright in containers, ensuring that stems did not touch or mix with 
other fields. These were protected from desiccation by being placed in plastic bags and stored on 
ice before being brought to the lab. If needed, conidial development was promoted by placing the 
containers in an incubator with the same conditions as used for the apothecia.  
A sterile inoculation loop was used to collect conidia from one individual area of 
infection on a stem. The conidia were placed into a microcentrifuge tube filled with a sterile 
0.05% Tween-20 solution (Sigma Aldrich, St. Louis, MO) and vortexed for 60 seconds to disrupt 
chains of conidia. Then, 40ul of this conidia suspension was pipetted in onto ½ strength PDA 
and spread using a sterile glass hockey stick. After 24 hours at 20°C, individual germinating 
conidia were transferred to MYA and allowed to grow into single conidial isolates. Individual 
isolates were stored in the same way as stated for ascospores. 
 
2.2.4 Pseudosclerotia Collection and Processing 
 After a field had been harvested, as many pseudosclerotia as possible were collected and 
stored in paper bags separated by field. The pseudosclerotia were stored for several weeks in a 
20°C incubator before plating out. Pseudosclerotia were sterilized by placing them in a tea 
strainer and submerging and agitating them for one minute in 70% ethanol, four minutes in 10% 
bleach solution, then one minute in sterile water repeated three times with fresh water each time. 
The pseudosclerotia were removed from the tea strainer into a sterile glass petri dish and cut into 
four quarters. If the pseudosclerotium was too small or four quarters could not be produced, as 
many sections as was possible were made. Any remaining blueberry tissue or seeds were 
removed from the center of the pseudosclerotium if present and the quarters were placed on 
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MYA and incubated for a week or until sufficient growth to perform a sterile transfer was seen. 
Isolates were stored in the same way as stated for ascospores and conidia. 
 
2.2.5 DNA Extractions and Verification of Identity of Pseudosclerotia Isolates 
Cellophane was cut into approximately 6.5cm squares and autoclaved in water then 
single sheets were placed in MYA plates. Plugs from approximately 7 days old colonies of Mvc 
isolates were placed in the middle of the cellophane and grown from 7 to 14 days until mycelium 
covered the surface of the cellophane, but did not grown beyond it. The mycelium was scraped 
from the surface of the cellophane and transferred to a sterile 1.5ml microcentrifuge tube. The 
tube of mycelium was dipped into liquid nitrogen and ground to a fine powder using a 
micropestle. DNA extractions were then performed using an Omega EZNA S.P. Plant DNA Kit 
(Omega Bio-Tek, Norcross, GA) according to the manufacturer’s protocol. Extracted DNA was 
tested for concentration and purity using a NanoDrop® ND-1000 Spectrophotometer (NanoDrop 
Technologies, Inc., Wilmington, DE). DNA was then diluted to 5ng/ul in 10mM Tris pH 8 for 
PCR applications, and stored short term at -20°C. The undiluted stock DNA was stored at -80°C.  
In order to confirm the identity of isolates grown from pseudosclerotia as being Mvc, isolates 
were grouped into ten categories based on morphological traits such as colony pigmentation, 
texture of colony, or the colony’s margin. In addition, seven randomly selected pseudosclerotia 
isolates which appeared typical of Mvc were tested to ensure that at least one pseudosclerotia 
isolate was confirmed from every field included in this study. To validate the identity of the 
fungi as Mvc, several randomly selected isolates from various fields within all morphological 
categories were sequenced using universal fungal primers ITS1 and ITS4 to amplify the internal 
transcribed spacer regions (ITS) (White et al., 1990). These primers amplify the conserved 
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internal transcribed spacer regions ITS1 and ITS2 which flank the variable 5.8S region of the 
ribosomal RNA (White et al., 1990). The PCR product was sent for sequencing at the University 
of Maine Sequencing Facility. Raw sequences were trimmed and the reverse complement of 
ITS4 primed strand was created using the sequence visualizer 4Peaks (Griekspoor and 
Groothuis, 2005). The two strands were then aligned to produce a consensus sequence using 
BioEdit version 7.2.5 (Hall and Carlsbad, 2011). Consensus sequences were compared to the 
nucleotide library in Genbank (NCBI, 1988; Altschul et al., 1997) using BLASTn, a nucleotide 
search tool maintained by The National Center for Biotechnology Information (Madden, 2013). 
Two morphological categories returned identities which were not Mvc, but were Phomopsis 
vaccinii (Accession ID: EU561633.1, EU571100.1) and Diaporthe vaccinii (Accession ID: 
KP869890.1, KP869886.1, KP869889.1, KP869887.1), and all isolates which belonged to those 
two categories were subsequently culled from the study. All other isolates tested were found to 
be Mvc with all e values equal to 0.0, percent identities ranging from 98.84% to 100%, and 
percent query cover ranging from 98% to 100%. The most commonly matched Mvc DNA 
sequences, to which every isolate determined to be Mvc from Maine was matched, were 
KX982706.1, KX982707.1, MF964325.1, MF964326.1 (Sandoval-Denis, M., 2016; Salgado, C., 
2017).  
 
2.2.6 Testing Microsatellite Primers 
 Primer pairs developed by Burchhardt and Cubeta (2015) were tested to identify eleven 
microsatellite fragments (Table 2.2), all of which were polymorphic besides Mvc30, which was 
culled from the dataset because it was monomorphic for all isolates analyzed in this study. 
Microsatellite primers obtained from Integrated DNA Technologies (Coralville, IA) were 
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initially screened based on conditions and protocol described by Burchhardt (2013). In addition 
to a negative control made with sterile milli-Q water added in the same volume as the DNA 
diluted to five ng/ul, five different isolates, three from ascospores and two from conidia, were 
initially screened. Pseudosclerotia were not screened initially because the confirmation of 
identity as Mvc was not complete at the time and screening the Mvc microsatellite primers on a 
fungus that was not Mvc could yield unusual results. Additionally, it was very likely that the 
ascospore and conidial isolates were Mvc because of the lower risk of contamination as only the 
intended fungal tissue came into contact with the medium surface compared to pseudosclerotia, 
which need to be sterilized and occasionally resulted in contamination or the incorrect fungus, as 
was seen in section 2.2.4. All initially screened isolates were from the same field (AP) to prevent 
errors resulting from potential differences between amplifying isolates from various fields. Due 
to poor or no amplification several adjustments were made. First, annealing temperatures were 
adjusted to decrease by 0.5°C every cycle for 10 cycles to narrow the range of temperatures and 
increase specificity, as opposed to decreasing annealing temperatures by 0.5°C every cycle for 
20 cycles over a range from 60°C to 50°C as described by Burchhardt (2013). Magnesium 
chloride concentrations were tested at 1 mM and 1.5 mM in addition to 2mM in Burchhardt 
(2013). Different microsatellite primer pairs amplified best at different conditions and this 
information was used to form multiplexed groups later, as noted in Table 2.2. The primer sets for 
microsatellite loci Mvc9, Mvc14, and Mvc24 were eliminated due to several issues with 
amplification and peak discernment. 
Based on a protocol by Schuelke (2000), all forward primers were modified by placing a 
M13 tail (TGT/AAA/ACG/ACG/GCC/AGT) on the 5’ end. A one to four ratio of the M13 tailed 
forward primer to both the reverse primer and a primer matching the M13 sequence and 
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fluorescently labeled with 6-FAM (Integrated DNA Technologies, Coralville, IA) were used in 
initial amplifications (Schuelke, 2000). The University of Maine Sequencing Facility performed 
electrophoresis and returned the graphical interpretation of amplified fluorescently labeled 
fragments, which were observed to determine the success of attaching both the M13 tail and the 
6-FAM fluorescent label. It was thought that using multiple fluorescent dyes would improve 
discernment of peaks so HEX and ATTO dyes (Integrated DNA Technologies, Coralville, IA) in 
addition to 6-FAM, were tested with the use of unique M13 tails outlined by the Veterinary 
Genetics Laboratory at the University of California Davis (Wong and Neff, 2009). Although the 
addition of fluorescent dyes and tails were unlikely to cause primer dimers, errors with the 
quality and clarity of the peaks observed in fragment analysis with these fluorescent dyes 
resulted in the HEX and ATTO dyes being eliminated. All forward primers instead had the same 
M13 tail described by Schuelke (2000) and were fluorescently labeled using only 6-FAM dye. 
Fragment peaks were discerned and organized based on their relative expected size while 
multiplexing with other primers (Tables 2.2).  
In preliminary fragment analysis testing of all primer pairs, it was noted that all primers 
except those with a thymine in the 5’ position of the reverse primer produced an artifact peak one 
base pair larger than the target which also ranged from 30-93% of the size of the target peak. 
This was determined to be the result of incomplete adenylation caused by the Taq DNA 
polymerase (Brownstein et al., 1996). In order to force the production of adenylated, or +A 
products, all reverse primers, with the exception of Mvc7, Mvc12, and Mvc30 which all had a 
thymine in the 5’ position of the reverse primer, were modified by adding a four base pair tag 
called a pig-tail (GTTT) based on a protocol tested and designed by Brownstein (1996; Table 
2.2). The addition of the M13 tail, non-template adenine, and pig-tail altered the true size of the 
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microsatellite fragments, and all resulting product sizes were reduced by eighteen base pairs to 
adjust for the addition of the M13 tail. Additionally, products produced with the use of pig-tails 
were reduced by five total base pairs to adjust for the four base pairs added by the pig-tail and 
the one base pair which was the non-templated adenine forced by the pig-tail.  
Final thermocycle conditions were slight modifications based on those described by 
Burchhardt (2013) and organized into two groups. Condition one began with 95°C for three 
minutes, six cycles of 95°C for 30 seconds, 60°C for 30 seconds with a decrease in annealing 
temperature of 0.5°C every cycle, 72°C for 30 seconds and then 25 cycles of 95°C for 30 
seconds, 55°C for 45 seconds, and 72°C for 45 seconds, with a final extension of 72°C for 45 
minutes. Condition two began with 95°C for three minutes, ten cycles of 95°C for 30 seconds, 
60°C for 30 seconds with a decrease in annealing temperature of 0.5°C every cycle, 72°C for 30 
seconds and then 25 cycles of 95°C for 30 seconds, 55°C for 45 seconds, and 72°C for 45 
seconds, with a final extension of 72°C for 45 minutes. These two different sets of conditions 
were used to most effectively amply the targeted regions. Multiplexed groups of primers with 
their PCR conditions are described in Table 2.2. Because Mvc22 produced a microsatellite motif 
with a repeat of two base pairs and was highly subject to producing stutter products, it was tested 
in both group one and group five to validate the true size of the fragment. 
Mvc isolates were selected randomly from each field to include a variety of isolates from 
all life stages, if possible (Table 2.3). In order to corroborate the understanding that conidia are 
the product of asexual reproduction and should be genetically identical if they are isolated from 
one area of blight, 3 isolates from each stem were analyzed and compared to each other. In order 
to identify which apothecia were heterothallic or homothallic, 5 individual ascospores from each 
apothecium were initially analyzed. An additional 4 ascospores, as available, from apothecia 
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which appeared to be homothallic were also examined to confirm whether that apothecium was 
indeed homothallic and that all ascospores were not the product of one asci, which bear eight 
total spores, and which consist of four pairs of identical ascospores. Only one isolate per 
pseudosclerotium was initially tested as a representative of each pseudosclerotium because of the 
potential risk of overrepresentation of that MLH if the quarters were all genetically identical. For 
pseudosclerotia which had isolates from four quarters of the same pseudosclerotia available, all 
isolates were fingerprinted to identify if multiple MLHs were present within a single 
pseudosclerotium. In one field, SS, a large highbush blueberry plant was present and infected 
with Mvc. Collections were made of pseudosclerotia from this highbush blueberry plant and 
from lowbush blueberry plants from this field.  
All microsatellite fragments were analyzed using the fragment analysis software STRand 
developed by the Veterinary Genetics Laboratory at the University of California Davis (Toonen 
and Hughes, 2001). These data were visually inspected, and erroneous peaks miscalled by the 
software were corrected before importing into various statistical programs.  
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Table 2.2 Polymorphic Mvc microsatellite marker descriptions and PCR conditions. These ten polymorphic microsatellite markers of 
Monilinia vaccinii-corymbosi were developed by Burchhardt and Cubeta (2015; 2016) and the PCR parameters used in analysis of 
Maine Mvc populations collected from lowbush blueberry fields  
 
Locus Repeat Primer Sequence1 Multiplex Group [MgCl2]2 Condition3 
Mvc7 (AAG) F: ‘M13'TCTTTATCGTGCGCAACCC 4 1 2 
    R: TCGTACTGTATGTTACAACTTGCC    
Mvc10 (GAT) F: ‘M13'GGCTCTCAGACGATCAATTCG 3 1 2 
    R: ‘PT'CGGAGGCCAATTCCAAGAC    
Mvc12 (ACA)n(ACT)n F: ‘M13'TGGCGCAACCATAACTATTCAC 1 1 1 
    R: TGCGAGATTGAAGCTTTGGAG    
Mvc14 (AGG) F: ‘M13'GAGTAGACTGCGGTCAATGTTC 4 1 2 
    R: ‘PT'ACGTGGGCCTATCACCAAC    
Mvc15 (ATC)n(ATG)n F: ‘M13'CTACCTGTACCAGCAAGCAC 3 1 2 
    R: ‘PT'AGGTTACAACGGGTCCCAC    
Mvc22 (TG) F: ‘M13'CAGTGGGACTTCTGAGCTG 1, 5 1, 2 1, 2 
    R: ‘PT'GACGACTCGCACAGTTAGT    
Mvc23 (AGC)nCACn(AAC)n F: ‘M13'TAGATCCCGCTTCTGCCAC 5 2 2 
    R: ‘PT'GTTTCATGGTGAGACTGGAAACTG    
Mvc25 (AAC) F: ‘M13'TTCTGCTCGGAACTTACGG 2 2 1 
    R: ‘PT'GTGCTTGGGATTGGATGCT    
Mvc27 (TGAA) F: ‘M13'AGAAGGCGTATCTCATGGTG 2 2 1 
    R: ‘PT'ATCGTCTAGCTGTCCACTCA    
Mvc28 (AGCC) F: ‘M13'CGACTTCGTACTTCGGACAT 1 2 1 
    R: ‘PT'GAGCACCTGCATAACCTTAC    
1 F = forward primer; R = reverse primer; ‘M13’ = 5’-TGTAAAACGACGGCCAGT-3’ tail added to the 5’ end of each forward 
primer for fluorescent labeling; ‘PT’ = 5’-GTTT-3’ tail added to the 5’ end of most reverse primers 
2 [MgCl2] = concentration of magnesium chloride used in PCR 
3 Condition = thermocycler conditions used in PCR 
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Table 2.3 Descriptions of Mvc isolates by type, MLH, and measures of genetic diversity. Monilinia vaccinii-corymbosi isolates were 
collected from twelve lowbush blueberry fields in Maine and their descriptions including number of isolates overall and by tissue type, 
presence of private alleles, effective number of alleles, and haploid diversity are shown below 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Number in parenthesis indicates the clone corrected value; for total number of isolates, number in parenthesis represents the total 
number of unique MLHs after duplicate MLHs present in separate fields were removed. 
2 MLH = Multilocus haplotype 
3 Number in parenthesis indicates the number of private alleles with a frequency above 0.05 within a field 
4 h = mean haploid diversity of clone-corrected data; S.E. = standard error 
5 The first number in parenthesis represents the number of Mvc samples from lowbush blueberry, the second number is the number 
Mvc samples from highbush blueberry. 
Field ID Total Isolates Unique 
MLH2 
Number of 
Ascospore 
Isolates1 
Number of 
Conidial 
Isolates1 
Number of 
Pseudosclerotia 
Isolates1 
Number of 
Private Alleles3 
Effective 
Number of 
Alleles 
h (S.E.)4 
AP 36 20 11 (6) 15 (4) 10 (10) 1 (1) 2.431 0.368 (0.098) 
ARH 36 23 36 (23) 0 0 0 2.240 0.457 (0.088) 
BH 12 6 9 (5) 3 (1) 0 0 1.702 0.385 (0.050) 
BRR 11 11 0 0 11 (11) 1 (1) 2.053 0.425 (0.082) 
DP 26 17 14 (10) 0 12 (7) 0 1.522 0.215 (0.078) 
HO 28 17 28 (17) 0 0 1 (1) 2.243 0.409 (0.097) 
IV 25 23 8 (6) 0 17 (17) 1 (0) 2.186 0.481 (0.061) 
PB 32 26 0 9 (3) 23 (23) 4 (1) 2.375 0.509 (0.060) 
SB 7 6 0 0 7 (6) 1 (1) 1.694 0.314 (0.086) 
SS 27 (6; 21)5 25 0 0 27 (25) 3 (2) 1.956 0.443 (0.049) 
WPF 16 12 8 (4) 0 8 (8) 0 1.992 0.438 (0.067) 
WPU 33 17 11 (7) 11 (4) 11 (6) 0 1.901 0.387 (0.062) 
Overall 289 203 (199)1 125 (78) 38 (12) 126 (113) 12 (7) 2.024 0.403 (0.073) 
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2.2.7 Descriptive Statistical Analyses 
 In order to have a valid comparison to previously conducted studies on the population 
structure of Mvc, all statistical models and testing were based off of the methodology provided 
by Burchhardt and Cubeta (2015; 2016).  
Using GenAlEx version 6.5, the MLH of each isolate was determined by combining all 
data from 10 microsatellite loci to represent each individual (Peakall and Smouse, 2006; 2012). 
Clones which were present in the dataset were indicated by GenAlEx and all clones were 
subsequently reduced to one representative MLH to produce a clone corrected dataset which was 
useful for several analyses and was indicated when used (Table 2.3). For example, if all 5 
ascospores from an apothecium had identical MLH, then they were reduced to one representative 
MLH. This was to correct for clones which were present in the dataset and could misrepresent 
the population and allele frequencies. The resulting clone corrected dataset contained isolates 
from single ascospores, single conidia, and individual pseudosclerotia quarters from twelve 
fields with six or more MLH observed (AP, ARH, BH, BRR, DP, HO, IV, PB, SB, SS, WPF, 
and WPU, abbreviations in Table 2.1). Private alleles, which are alleles which only occurred in 
one field, were identified using GenAlEx and the clone corrected dataset, taking into account 
sample size (Peakall and Smouse 2006; 2012; Table 2.3). Private alleles with a frequency above 
0.05 in a single field could imply gene flow among fields as opposed to random mutation and 
were noted (Slatkin, 1985; Burchhardt and Cubeta, 2015). The average haploid diversity and the 
effective number of alleles were calculated by field and by loci using GenAlEx (Peakall and 
Smouse 2006; 2012).  
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2.2.8 Reproductive Biology Analyses and Population Structure  
 Linkage disequilibrium between the ten microsatellite markers used was investigated 
using the online version of Genepop version 4.2 (Raymond & Rousset, 1995; Rousset, 2008). 
Linkage disequilibrium was tested using both clone-corrected data of all fields considered as one 
population and by separately analyzing each field using 10,000 dememorizations, 1,000 batches, 
and 10,000 iterations per batch following parameters of Burchhardt and Cubeta (2015). Linkage 
disequilibrium can maintain the nonrandom inheritance of alleles despite recombination and may 
indicate nonrandom mating (Connor & Hartl, 2004). In order to avoid type I errors as a result of 
multiple comparisons, the results of the linkage disequilibrium analysis were corrected using the 
Bonferroni and Benjamini-Hochberg corrections (Weisstein, 2004; Benjamini and Hochberg, 
1995, respectively). In the Bonferroni method, the alpha was adjusted to 0.001 and in the 
Benjamini-Hochberg correction, the alpha was adjusted depending on a critical value (rank of the 
unadjusted p-value when sorted from lowest to highest divided by the number of tests and 
multiplied by the unadjusted alpha) which depended on the rank of the unadjusted alpha. 
Additionally, the values for the index of association and !"#  were both obtained using the R 
package poppr (Kamvar et al., 2014; 2015). These two values are expected to be close to zero if 
populations are freely recombining and greater than zero if clonality exists. The null hypothesis 
is that there is linkage among markers or clonality among the population (Lott et al., 2010, 
Kamvar et al., 2014).   
 In order to determine the amount of variation within and between different fields, an 
analysis of molecular variance (AMOVA) was performed in GenAlEx and the R package Poppr 
using the clone corrected dataset (Connor & Hartl, 2004, Peakall & Smouse, 2006, 2012). The 
parameters used were 10,000 data permutations and 10,000 pairwise population permutations. 
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For comparisons between and among fields based on management strategy, split or entire field 
type, and manager, unmanaged locations were removed to better resolve differences, should they 
exist. Comparisons among regions and populations were also tested by using the R package 
poppr, the observed FPT value was plotted compared to randomized data to determine the genetic 
variance relative to what was observed. FPT values, which is analogous to FST and indicates 
population differentiation based on genetic variance, obtained from GenAlEx were compared to 
approximate geographic distance between fields to test for isolation by distance with a Mantel 
test performed with 10,000 permutations (Peakall and Smouse, 2006; Peakall and Smouse, 
2012). Longitude and latitude of approximate locations of Mvc collection sites were obtained 
through the use of Google Maps (Google, Mountain View, CA) and were input into GenAlEx 
and used to calculate the geographic distance between each pair of fields. GenAlEx was used to 
compare the obtained geographic distance between fields to variance in genetic distance. The 
Mantel test was performed both with and without the Sebec Lake location because it was an 
outlier geographically. A Principle Components Analysis (PCoA) was performed using GenAlEx 
to explain grouping using multivariate data such as multiple loci and samples (Peakall and 
Smouse, 2006; Peakall and Smouse, 2012). 
 The number of genetic clusters (K) was determined using the Bayesian analysis program 
STRUCTURE version 2.3.4 (Pritchard et al., 2000). Clone corrected data was analyzed using an 
admixture model that allows for location priors, allele frequencies assumed as independent, a 
burn-in of 20,000, Markov chain Monte Carlo (MCMC) run 500,000 times, and twenty run 
repeats for values of K ranging from one to fifteen. To evaluate K over all iterations, 
STRUCTURE HARVESTER web version 0.6.94 (Earl & Vonholdt, 2012) was executed and the 
Evanno ΔK method was performed based on the rate of change of the likelihood distribution. The 
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online implementation of CLUMPAK (Kopelman, 2015) was used to evaluate K using the 
Evanno method and the natural log of the median values of the probability of K was compared to 
different values of K from one to fifteen. Mean membership probabilities were determined using 
CLUMPAK (Kopelman, 2015) to evaluate the STRUCTURE output. To graphically represent 
membership probabilities, histograms were drawn using the Pophelper web app (Francis, 2016).  
 To corroborate and further visualize K, discriminate analysis of principal components 
(DAPC) was performed using R packages adegenet version 2.2.1 (Jombart, 2008, 2011, 2015) 
and poppr version 2.8.0 (Kamvar et al., 2014, 2015). The K means method was used on a clone 
corrected dataset to determine the K of related MLHs based on the K value that caused the 
highest variation between clusters (Jombart, 2008, 2011, 2015). Ten runs of K-means were 
performed and the mean Bayesian information criterion (BIC) value for each value of K was 
plotted. The value of K where the BIC began to plateau or increase was determined to infer a 
value for the number of clusters in the dataset (Jombart, 2008, 2011, 2015). Then, DAPC was 
used to inform and plot clusters and determine membership probabilities.  
 
2.3 Results 
2.3.1 Reproductive Patterns  
From the original 289 Mvc isolates analyzed, a high degree of haploid diversity was 
observed which ranged from 0.215 to 0.509 per field and the average haploid diversity of Mvc 
isolates over all fields was 0.403 (Table 2.3). Between isolates obtained from different life 
stages, average haploid diversity for ascospores was 0.471, 0.397 for conidia, and 0.481 for 
pseudosclerotia (data not shown). The most polymorphic locus was determined to be 
microsatellite Mvc10, which had 14 different alleles identified in Maine, although the presence 
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of several low frequency alleles was reflected in the effective allele size of 3.86, which was also 
the highest of all microsatellites included in this study (Table 2.4). The clonal nature of conidia 
collected from a single stem was validated and all conidia from a single stem except one returned 
as the same MLH. The stem from AP in which one of three isolates did not return the same MLH 
had the same MLH as the next sequential stem in the same field, so mislabeling is suspected as 
the cause of error and that particular isolate was dropped reducing the number of total clone-
corrected conidial isolates for AP from 5 to 4 (Table 2.5). After removing the additional clonal 
conidial isolates, the overall number of isolates was dropped to 264.  
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Table 2.4 Genetic diversity and fragment sizes of ten Mvc microsatellite loci. Ten polymorphic 
microsatellite loci amplified from Monilinia vaccinii-corymbosi isolates collected from twelve 
fields in Maine and used to determine the number of alleles found, haploid diversity, effective 
number of alleles, and unbiased genetic diversity of these microsatellite loci 
 
1Number of alleles detected per loci in this study. 
2 h = mean haploid diversity; S.E. = standard error 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Locus Number of Alleles1 
Range 
(base pairs) h (S.E.)
2 Effective Number 
of Alleles 
Unbiased Genetic 
Diversity 
Mvc7 4 358-367 0.470 (0.046) 1.984 0.502 
Mvc10 14 216-274 0.679 (0.037) 3.863 0.749 
Mvc12 5 241-266 0.478 (0.029) 2.000 0.526 
Mvc14 3 151-157 0.514 (0.027) 2.157 0.558 
Mvc15 5 140-197 0.372 (0.060) 1.749 0.407 
Mvc22 8 107-125 0.483 (0.049) 2.148 0.529 
Mvc23 6 151-172 0.156 (0.053) 1.266 0.181 
Mvc25 5 156-171 0.566 (0.055) 2.598 0.621 
Mvc27 4 85-122 0.041 (0.024) 1.053 0.044 
Mvc28 3 154-166 0.266 (0.050) 1.426 0.290 
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Table 2.5 Measures of linkage disequilibrium by field and overall. Fields where Mvc of lowbush 
blueberry in Maine were collected and the index of association, !"# , associated p values, and 
information index scores which show linkage disequilibrium and offer insight into reproductive 
strategies 
 
 
 
 
 
 
 
 
 
1 Index of Association  
2 !"#  is similar to the Index of Association but accounts for the number of loci sampled. 
3 A significant or marginally significant p-value combined with a high IA value indicates a degree 
of clonal reproduction within a population and is indicated with an asterisk (*). 
 
 
 
 
 
 
 
 
 
 
 
Field ID 
IA1 !"# 2 
p values3 for 
IA1 and !"# 2 
Shannon’s Allele 
Information Index Score 
AP -0.035 -0.005 0.603 0.721 
ARH 0.320 0.046 0.006* 0.809 
BH 0.950 0.119 0.047* 0.589 
BRR -0.051 -0.007 0.577 0.734 
DP -0.009 -0.002 0.549 0.383 
HO -0.047 -0.008 0.619 0.731 
IV 0.002 0.0002 0.489 0.830 
PB -0.142 -0.016 0.88 0.969 
SB 0.588 0.118 0.07* 0.474 
SS -0.141 -0.016 0.844 0.790 
WPF 0.220 0.028 0.138 0.735 
WPU 0.475 0.060 0.005* 0.698 
Overall 0.064 0.007 0.051 0.705 
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To determine ascospore diversity, ascospores from eight fields, AP, ARH, BH, DP, HO, 
IV, WPF, and WPU, where apothecia were present were screened. All fields were found to have 
both homothallic and heterothallic apothecia present (Table 2.3). Ascospore isolates from a total 
of 38 apothecia were screened, and 23 apothecia were considered heterothallic because they 
yielded ascospores with different MLHs. The remaining nine apothecia were considered 
homothallic because they produced five or more ascospores with identical MLHs and the 
remaining six apothecia had four or fewer isolates and were thus inconclusive as to whether they 
were heterothallic or homothallic. The low number of isolates from certain apothecia was due to 
contamination or poor germination of ascospores when initially isolating them. Within 
heterothallic apothecia, a high degree of diversity was observed, and in one apothecium from 
BH, 16 ascospore isolates were screened and 15 unique MLHs were identified. Eight 
pseudosclerotia from SS, DP, BRR, SB, IV had three or more different quarters analyzed to 
determine the number of MLHs present, and only one pseudosclerotia from IV was found to 
have two MLH present (Table 2.3). 
After reducing the clones of ascospore isolates, the total number of isolates was reduced 
to 232. Finally, MLHs which occurred more than one time in a field occurred in DP, SS, and 
WPU in pseudosclerotia isolates, and an ascospore and a pseudosclerotium also had the same 
MLH in DP. If an MLH occurred more than once in a field, it was reduced to one isolate in the 
clone corrected dataset, but if a single MLH was shared between different fields, those isolates 
were kept in the clone corrected dataset to properly represent them. Among all field collections, 
three MLH were shared between different fields and various tissue types in those fields. AP and 
PB had a common MLH in two conidia, BRR and WPF had a common MLH in two 
pseudosclerotia, and DP, IV, and WPU had a common MLH in isolates from two ascospores and 
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a pseudosclerotium, respectively. After all clone corrections, the final count of isolates was 203, 
with 199 unique MLHs present. High diversity was also supported by the Shannon’s Allele 
Information Index Scores which ranged from 0.474 to 0.969 and detected high variation in 
populations, and the average score over all Maine populations was equal to 0.705 (Smouse and 
Peakall, 2012; Table 2.5).  
 The index of association (IA) and !"#  tests shed light on the mating structure of different 
fields and populations in Maine. Populations which did not have significant linkage and based on 
the IA and !"#  test appeared to be sexual or mostly sexual were AP, BRR, DP, HO, IV, PB, and SS 
(Table 2.5). Populations which had significant linkage between loci and appeared to be clonal 
were BH, SB, and WPU. Two populations had marginally significant linkage were considered to 
be reproducing both sexually and clonally, ARH, which appeared more clonal and displayed 
significant linkage, and WPF, which appeared more sexual and did not display significant 
linkage. Overall, when viewing all populations in the clone corrected dataset, the overall Maine 
population derived from the fields sampled appears to be mostly sexual with a small amount of 
marginally statistically significant linkage indicating that clonal reproduction is occurring at a 
low level as well.  
With the Bonferroni correction for linkage disequilibrium using the results generated 
using Genepop version 4.2 (Raymond & Rousset, 1995; Rousset, 2008), only the microsatellite 
marker pair Mvc7 and Mvc23 showed significance for linkage disequilibrium (data not shown) 
which could indicate a lack of random association of alleles or a lack of recombination (Hartl, 
1988; Milgroom, 1996). When the Benjamini-Hochberg correction was applied, marker pairs 
Mvc7 and Mvc23, Mvc10 and Mvc22, and Mvc7 and Mvc14 all showed significant linkage 
disequilibrium (data not shown) indicating non-random association of alleles or a lack of 
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recombination (Hartl, 1988; Milgroom, 1996). When fields were considered as individual 
populations, only markers Mvc10 and Mvc25 were in significant linkage disequilibrium in the 
PB location. All other markers were in linkage equilibrium in the other fields when examined as 
one large population or individually.  
 
2.3.2 Genetic Structure  
Of the twelve fields analyzed, twelve total private alleles were identified in seven fields. 
Of these seven fields, six fields (AP, BRR, HO, PB, SB, and SS) had private alleles present at a 
frequency above 0.05, which could indicate gene flow. IV and PB and SS were the only fields 
that had private alleles with a frequency below 0.05. Of the twenty isolates with private alleles 
present in the clone corrected dataset, seventeen isolates were from pseudosclerotia quarters, two 
were from conidial isolates, and one was from an ascospore isolate. All Mvc MLH found in 
fields from a particular region were combined to represent that region and identify potential gene 
flow within the region based on alleles which were only found in that region (private alleles). Six 
alleles were identified as private to the Mid Coast region (ARH, HO, SS, WPF and WPU, 
collectively) and only one was present at a frequency above 0.05. In the Down East region (AP, 
PB, BRR, IV, BH, and DP, collectively), thirteen alleles were identified as private to this region, 
but only three were present at a frequency above 0.05 in the region. 
The results of AMOVA tests revealed that overall, 90% of variation was seen within field 
populations and 9% between fields when all populations were analyzed and organized by field 
and region (Down East, Mid Coast, and with and without Sebec Lake; Table 2.6 and Table 2.7, 
respectively). When fields were separated by management strategy (conventional, organic, and 
transitioning to organic) and unmanaged locations were removed, 93% of variance was seen 
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within field populations, and 7% was seen between management strategies (Table 2.8). When 
fields were separated by split between prune and crop or entirely in prune or crop, with 
unmanaged locations removed, 92% of variance was seen within fields, and 8% was seen 
between different types of fields (Table 2.9). Finally, when fields were separated by different 
managers, and unmanaged locations removed, 93% of variance was seen within fields, 4% was 
seen among fields, and 4% was seen among different managers (Table 2.10). When the observed 
FPT values were plotted against randomized data, significant differences were seen within and 
between populations, but differences were not significant between regions (data not shown). A 
Principle Coordinates Analysis (PCoA) of the multiple loci and samples showed that the first two 
axes accounted for approximately 52% of variation cumulatively, but no clear pattern based on 
management strategy, cropping system, or region was revealed (Figure 2.2).  
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Table 2.6 Nested AMOVA comparing variation among and between all populations and regions 
Variation Source Degrees of Freedom Sum of Squares Mean Squares Estimated Variance Variation % 
Among Regions (Down East, Mid Coast, Sebec Lake) 2 11.411 5.705 0.005 0% 
Between Fields 9 58.257 6.473 0.238 9% 
Within Fields 191 441.588 2.312 2.312 90% 
Total 202 511.256  2.555 100% 
 
Table 2.7 AMOVA comparing variation among and between all populations and regions with SB, a geographic outlier, removed 
Variation Source Degrees of Freedom Sum of Squares Mean Squares Estimated Variance Variation % 
Among Regions (Down East, Mid Coast) 1 5.421 5.421 0.000 0% 
Between Fields 9 58.257 6.473 0.238 9% 
Within Fields 186 432.088 2.323 2.323 91% 
Total 196 495.766  2.561 100% 
 
Table 2.8 AMOVA comparing variation among and between populations divided by split or entire management strategy, with 
unmanaged locations removed 
Variation Source Degrees of Freedom Sum of Squares Mean Squares Estimated Variance Variation % 
Among field style  1 3.907 3.907 0.000 0% 
Between Fields 7 41.657 5.951 0.201 8% 
Within Fields 154 373.970 2.428 2.428 92% 
Total 162 419.534  2.630 100% 
 
Table 2.9 AMOVA comparing variation among and between populations divided by management strategies of organic, transitioning, 
and conventional, with unmanaged locations removed 
Variation Source Degrees of Freedom Sum of Squares Mean Squares Estimated Variance Variation % 
Among Management Strategy 2 12.410 6.205 0.000 0% 
Between Fields 6 33.153 5.526 0.185 7% 
Within Fields 154 373.970 2.428 2.428 93% 
Total 162 419.534  2.613 100% 
 
Table 2.10 AMOVA comparing variation among and between populations divided by manager, with unmanaged locations removed 
Variation Source Degrees of Freedom Sum of Squares Mean Squares Estimated Variance Variation % 
Among Managers 6 37.202 6.200 0.094 4% 
Between Fields 2 8.361 4.180 0.097 4% 
Within Fields 154 373.970 2.428 2.428 93% 
Total 162 419.534  2.620 100% 
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Figure 2.2 Principle components of 12 fields using 10 microsatellite loci and designated by 
region (MC = Midcoast; DE = Down East; SB = Sebec Lake). Cumulative variation for the first 
two axes is approximately 52% 
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In the SS field, Mvc isolates were collected from highbush and lowbush blueberries. No 
significant differences were seen among these isolates when they were analyzed separately from 
different hosts by AMOVA (data not shown). Alleles were shared between the pseudosclerotia 
collected from highbush and lowbush blueberry in SS suggesting that there is recombination in 
Mvc on both hosts in this field. 
Genetic isolation by distance was examined using a Mantel test to compare FPT values to 
the geographic distances among populations. Among all of the pairwise comparisons of FPT 
values to geographic distance between populations, only nine did not show significant 
differences and also had very low FPT values (Table 2.11). The field pairs that did not display 
significant differences were three pairs with field AP compared to HO, PB, and WPF, and the 
pairs: BH and SS, BRR and HO, BRR and WPF, HO and WPF, SS and PB, and WPF and WPU. 
Four fields, ARH, DP, IV, and SB, had pairwise FPT values that indicated these fields differed 
significantly from all other fields. Mantel tests comparing FPT to geographic distances were 
plotted both with and without SB, as it was a geographic outlier. Both plots had a relatively flat 
linear relationship which was not significant (p = 0.100) and indicated that geographic proximity 
did not positively correlate with genetic similarity among these twelve fields (Figure 2.3, plot 
without SB not shown).  
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Table 2.11 Pairwise ΦPT values and geographic distances in kilometers. This indicates population differentiation based on genetic 
variance, ΦPT values are below the diagonal and geographic distances in kilometers are above the diagonal  
 
AP ARH BH BRR DP HO IV PB SB SS WPF WPU  
- 105.122 11.152 12.306 19.625 105.861 13.357 7.623 116.614 72.646 75.842 75.843 AP 
0.109 - 116.037 109.139 90.145 5.186 105.604 101.406 102.436 33.596 42.011 42.020 ARH 
0.169 0.151 - 16.102 30.145 116.870 19.364 15.381 121.374 83.318 85.516 85.514 BH 
0.055 0.106 0.203 - 19.116 109.313 4.035 19.766 128.290 78.010 83.566 83.566 BRR 
0.072 0.191 0.227 0.212 - 90.233 15.462 21.742 118.726 59.613 66.907 66.909 DP 
0.026† 0.067 0.180 0.005† 0.157 - 105.688 102.476 107.458 35.628 45.747 45.757 HO 
0.073 0.069 0.089 0.084 0.156 0.076 - 20.202 127.556 74.790 80.943 80.944 IV 
0.019† 0.079 0.059 0.060 0.082 0.056 0.025 - 109.014 68.369 70.135 70.133 PB 
0.132 0.211 0.176 0.207 0.238 0.194 0.159 0.068 - 88.213 70.114 70.104 SB 
0.068 0.134 0.047† 0.128 0.116 0.116 0.057 0.017† 0.119 - 18.100 18.110 SS 
0.025† 0.107 0.120 0.000† 0.114 0.031† 0.060 0.042 0.145 0.058 - 0.011 WPF 
0.107 0.160 0.179 0.116 0.174 0.142 0.131 0.097 0.206 0.113 0.015† - WPU 
 
† Pairwise ΦPT values that are not significant (p>0.05) between the two fields indicates that there is not a significant difference 
between these fields, which is also indicated by the low ΦPT value. 
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Figure 2.3 Plot of Mantel test for genetic isolation by distance using linearized pairwise ΦPT 
values and approximated geographic distances among all 12 fields 
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In order to evaluate the number of clusters (K) which fit these data best, STRUCTURE 
analysis testing the probability of K versus possible values of K suggested that K was equal to 
two (Figure 2.4). The ΔK versus values of K also resulted in an estimate that the best value of K 
was two (Figure 2.5). When comparing the Bayesian Information Criterion (BIC) to values of K, 
it was slightly less clear to interpret the results (Figure 2.6), however, K began to plateau around 
two or three clusters. The graphical representation of membership of isolates in clusters by 
histograms also suggested that K was equal to two (Figure 2.7), as little difference or 
reassignment of isolates or fields was seen as more clusters were added (data not shown). The 
membership of populations and even individual isolates within these clusters revealed no fields, 
regions, or management strategies had isolates completely assigned to only one cluster (Figures 
2.7 and 2.8). There was also no clear pattern between cluster membership probabilities of 
isolates related to regions, management, or if a field was split or not (Figure 2.8). Although some 
trends in the pattern of isolate cluster membership were seen with respect to the three unmanaged 
sites (SB, DP, and WPU) since most isolate genotypes were from cluster one, relatively close 
neighbors in mid coast (ARH and HO) had isolates mostly in cluster two (Figures 2.7 and 2.8). 
Down East fields sharing a common manager (PB, AP, and BRR) and IV had isolates with 
ancestry mostly split between both clusters, and other neighbors in fields in mid coast (WPF and 
SS) had isolates mostly in cluster one (Figure 2.8). BH had isolates mostly belonging to cluster 
one, unlike the rest of the Down East populations, which had different field managers (Figure 
2.8; Table 2.1). 
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Figure 2.4 Evaluating the best value of K using the natural log of the probability of K. Using 
median values of Ln(Probability of K) for which the probability of K is highest; analysis of the 
number of possible clusters (K) in Mvc populations in Maine using a method of analyzing 
population structure through STRUCTURE compiled with CLUMPAK 
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Figure 2.5 Evaluating the best value of K using the Evanno method. Evanno method is based on 
the rate of change between successive K values from 1 to 15; analysis of the number of possible 
clusters (K) in Mvc populations in Maine using a method of analyzing population structure 
through STRUCTURE compiled with CLUMPAK 
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Figure 2.6 Mean Bayesian information criterion (BIC) plotted against the number of clusters (K). 
The best value of K is typically where an elbow in the BIC curve occurs 
 
 
 
 
 
Figure 2.7 Membership probabilities of Maine Mvc isolates by genetic clusters. Arranged using 
K = 2 clusters with fields arranged by average cluster membership. Cluster one is shown in 
purple, cluster two is shown in blue 
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Figure 2.8 Distribution of MLH cluster membership probabilities of Mvc isolates in Maine. 
Locations of populations are indicated by pie charts representing the percentage of cluster 1 or 2 
found in isolates from that location. Size of pie charts indicates the number of isolates in that 
field 
 
 
2.4 Discussion 
The hypothesis that a high genetic diversity of Mvc would be present in lowbush 
blueberry fields was supported in this study, as nearly every isolate, excluding the asexual 
conidia and ascospores produced by homothallic apothecia, had a unique MLH. This is relatively 
high genetic diversity, compared to Mvc on highbush blueberry collected by Burchhardt and 
Cubeta (2015) from various fields in North Carolina, Georgia, and Mississippi, which revealed 
that several fields had only one or two MLHs represented in a field. Lower proportions of MLH 
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in the closely-related Monilinia fructiciola, which infects peach trees, was also observed by 
Everhart and Scherm (2015) since out of 694 isolates, 51.5% were only represented once. A 
higher level of diversity in Maine Mvc populations was also observed by Burchhardt and Cubeta 
(2015), in which 22 unique MLH were identified from 23 Mvc pseudosclerotia isolates collected 
from a single lowbush blueberry field in Maine. This high genetic diversity may be due to 
coevolution of host and pathogen and to be mirroring the high diversity of lowbush blueberry 
genotypes in both managed and unmanaged populations (Beers, 2018).  
Lowbush blueberries are known to be highly diverse, especially in unmanaged areas, but 
also in agricultural settings in Maine because particular cultivars are not bred or grown 
exclusively (Beers et al., 2019). Lowbush blueberry plants have been found to have 75% of 
observed genetic variation within fields as opposed to the remaining 25% of variation occurring 
between populations, which is similar to the distribution of variation of Mvc in lowbush 
blueberry fields (Beers et al., 2019). High diversity in Mvc may be advantageous for the fungus 
in order to infect clones which could otherwise avoid disease by phenology and delayed flower 
and leaf bud development (Lehman and Oudemans, 2000; Penman, 2003). Some plants have 
slower production of susceptible tissue until after the peak release of ascospores, and plants 
which have later flower and bud development may be able to avoid infection by Mvc (Penman, 
2003; Lehman and Oudemans, 2000). Disease avoidance by the host could be more likely to be 
overcome by a more diverse population of Mvc which germinates and produces ascospores at 
different times, as was seen by Case (2018) in which pseudosclerotia from various fields 
produced apothecia at different times.  
Clusters are useful to group individuals based on similarities and differences and have 
been used in many contexts (Eisen et al., 1998). In this study, Mvc isolates appeared to be 
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members of two genetic clusters over most tests, but the high genetic diversity of the samples 
made it difficult to balance between overfitting the data by erroneously assigning too many 
clusters and parsimony. Additionally, no samples from any one field fit consistently and entirely 
within one cluster. BH was an example of a field which was in the Down East region but showed 
Mvc clustering patterns similar to fields which were more isolated or did not have neighboring 
fields that were included in this study (SS, SB, WPF, WPU, and DP). This could be due to the 
fact that BH is one of many other fields (not included in this study) which share a common 
manager, which is a different manager than other Down East fields (AP, PB, and BRR, and IV; 
Table 2.2). However, a similar clustering pattern could also have been observed because BH is 
relatively isolated by a wide swath of forest. 
There were no significant differences in Mvc among management types, split or entire 
cropping systems, or geographic regions, which could be due to the high diversity of Mvc 
isolates within fields. However, a larger sample size along a larger geographical gradient of 
fields and a fine scale study of the population structure of Mvc could shed more light on any 
differences, should they exist. AP and PB are two fields which are geographically near each 
other (less than eight kilometers apart) and have a common manager which means that 
equipment was likely moved between these two fields. While nearly every isolate tested in the 
clone corrected dataset represented a unique MLH, a few MLHs were represented multiple times 
in different fields. These two fields had the same MLH represented in conidia in both fields. 
Because conidia are the result of infection by ascospores, if these MLHs were caused by 
ascospores from the same apothecium, and not by random recombination with individuals which 
were not included in this study, they would need to be transported between fields by another 
force, such as farm equipment, as opposed to the wind. This is because most ascospores are only 
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dispersed roughly three meters from the originating apothecium by wind (Cox and Scherm, 
2001). It is also possible that the sample size of 36 isolates in AP and 32 isolates in PB was not 
able to fully represent the field population of Mvc due to sampling variation and isolates which 
were not included in this study could have led to the production of identical MLHs in AP and PB 
(Elseth and Baumgardner, 1995). The fields AP and PB both had private alleles with frequencies 
above 0.05 which indicated the presence of gene flow in Mvc, however, when both AP and PB 
were analyzed together as one population, no private alleles were shared. Other MLHs found in 
two different fields were observed in DP, IV, and WPU in two ascospores and a 
pseudosclerotium, respectively and in BRR and WPF in two pseudosclerotia. Aside from AP and 
PB which had the same MLH present in two conidia, other MLHs which were present in 
multiple locations were likely caused by random recombination as they were in locations 
separated by great distances, did not share managers, and had different cluster memberships. 
However, Mvc populations in AP and PB both had very similar cluster memberships which 
further suggests that there may be mixture of Mvc between these two fields (Figure 2.7). It is 
expected that gene flow which occurs at high rates will eventually homogenize populations 
(Slatkin, 1985), which could lead to more congruent populations. With the exception of IV, and 
BH, which had a small sample size of 6, the possibility of gene flow occurring based on the 
presence of high frequency private alleles was seen in other fields in the Down East region which 
shared a common manager, AP, PB, and BRR, and could be attributed to movement of Mvc 
between these fields.  
Several growers also use the services of contractors which move and use harvesters and 
other farm equipment between various fields, which could potentially inadvertently move Mvc 
pseudosclerotia between fields. The managers of BH, SS, and HO both mentioned use of 
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contracted harvesters. The managers of IV and the group of fields AP, PB, BRR, both mentioned 
that they did not share harvesters with other growers, but AP, PB, and BRR have equipment 
which is shared between multiple fields on this farm. It is not known exactly which pieces of 
equipment are shared between particular fields, but this is a likely cause of migration of fungal 
pathogens as was explained by Chellemi et al. (2016), who described the movement of soilborne 
pathogens through many pathways including movement between fields by adhering to farm 
equipment and personnel. 
In general, most of the fields with private alleles above a frequency of 0.05 were located 
in the Down East region, where the majority of lowbush blueberry management occurs and a 
large amount of equipment is moved between fields. The higher likelihood of gene flow in this 
area could be because these fields have a higher amount of movement of equipment and possibly 
Mvc, a closer geographic proximity in general, and common managers for a large number of 
fields for AP, PB, and BRR.  
All fields in the Down East region besides BH had private alleles, were reproducing 
sexually, and were split between cluster one and two, with a larger membership proportion in 
cluster two being represented in IV and BRR. Alternatively, BH, in the Down East region had a 
higher Mvc membership in cluster one than the other fields and was considered a statistically 
significant clonal population. BH does not share a common manager with the other fields in the 
Down East region that were sampled; AP, PB, and BRR share a manager and IV has a different 
manager (Table 2.1). BH is also isolated from the other fields as it is surrounded by wide swath 
of forest. Differences in cluster membership of Mvc isolates from BH could be attributed to 
isolation and the fact that this field is one of many fields which are maintained by a different 
manager. Within the Down East region, multiple large groups of fields are managed by multiple 
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different managers. Within each group of fields, equipment is shared and inadvertently Mvc may 
be moved within their group of fields. One of these managers maintains AP, PB, and BRR. 
Another manages BH and many other fields which neighbor BH but are separated by forest. 
According to the manager, BH frequently has equipment moved and shared between other 
neighboring fields under their management. If those fields were included in this study, it is 
possible that they would have similar cluster membership to each other. A small, but significant,  
amount of variation (4%) between fields was found when fields were organized by manager,  
which is in contrast to the lack of differences found between management strategy, cropping 
type, or region. In the Mid Coast region, all of the fields included in this study were each 
managed by unique managers, so the possibility that common managers will have more closely 
related Mvc populations present in fields which share farm equipment could not be seen within 
this region, should it exist. 
While no significant differences were seen between fields that would suggest that certain 
management strategies could lead to reduced genetic diversity of Mvc, this genetic data 
concerning private alleles and genetic cluster memberships does suggest that movement of 
equipment between fields could lead to transfer of genetic material between fields. The 
sanitization of farm equipment may reduce the amount of Mvc which is spread between fields, as 
is done in other crops, such as wheat, by sanitizing containers which ship wheat to prevent the 
spread of Karnal bunt caused by Tilletia indica (Glauber and Narrod, 2001). 
Overall, the Mvc population in Maine fields is mostly sexual but is also clonal. Two 
populations of Mvc collected from ARH and WPF had index of association values with p values 
which were marginally significant and indicated that they were reproducing with a more even 
balance of sexual recombination and clonal reproduction compared to other populations of Mvc 
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in this study which were mostly reproducing sexually (AP, BRR, DP, HO, IV, PB, and SS). Mvc 
in ARH displayed slightly more clonal reproduction than WPF, and Mvc in WPF displayed 
slightly more sexual reproduction than ARH. This was also mirrored in ascospores collected 
from these two fields. Out of eight apothecia from ARH, two were homothallic and six were 
heterothallic compared to two apothecia collected in WPF, in which one was homothallic and the 
other was heterothallic, although this could be due to the smaller sample size in WPF. Both ARH 
and WPF were entire fields, but ARH was conventionally managed and WPF was transitioning 
to organic. In both of these fields, high MLH diversity was also seen, so the apparent clonality 
could be indicating pseudohomothallism as a result of closely related individuals reproducing 
sexually as opposed to true homothallism (Taylor et al., 1999). All other Mvc populations were 
sexual, indicating that Mvc populations in Maine mostly utilize heterothallic reproduction. 
However, in sexual populations of Mvc, both homothallic and heterothallic apothecia were 
found, which could point to either pseudohomothallism if more than one MLH was present in a 
pseudosclerotia which produced the apothecium. Alternatively, it is also possible that only one 
MLH was present in the pseudosclerotia which produced the homothallic apothecium, resulting 
in identical ascospores due to a lack of karyogamy. The presence of homothallic apothecia could 
also be because a particular MLH possessed an advantageous and successful combination of 
alleles, and it was maintained in the population by asexual reproduction, as was speculated by 
Burchhardt and Cubeta (2015). Mvc could also be exercising bipolar heterothallism similarly to 
Sclerotinia sclerotium, in which some ascospores produce self-sterile mycelia, and other 
ascospores give rise to self-fertile mycelia (Ekins et al., 2006). 
Of the locations in this study identified as having clonal Mvc populations, two were 
unmanaged areas, SB and WPU, which could indicate the presence of clonal reproduction as a 
 59 
 
response to isolation from other Mvc based on the sparsity and the widely dispersed lowbush 
blueberry plants in these areas. In the other unmanaged area, DP, which had sexual 
recombination occurring in Mvc, the Mvc was collected from a blueberry patch which was much 
larger and had fewer physical barriers, such as other plants, or bodies of water between blueberry 
plants, compared to the other two unmanaged sites, SB and WPU. While unmanaged areas were 
initially hypothesized to have a more diverse Mvc population due to the lack of human impacts 
and selective pressure of disease management, it is now thought that clonality could be expected 
in more isolated, unmanaged, and smaller sized blueberry patches because of the physical 
unavailability of host tissue, but clonality could likely not be seen as much in larger unmanaged 
locations where Mvc exists in large connected patches of blueberries. In a study of sudden oak 
death, caused by Phytophthora ramorum on oak trees, a similar trend was identified in which 
clonal populations of the pathogen were ancestrally sexual, but evolved to reproduce clonally 
likely due to a long period of isolation from other P. ramorum individuals due to the dispersal of 
the host (Goss et al., 2009). A similar trend of lower diversity in unmanaged areas, which could 
be due to clonal reproduction not introducing diverse haplotypes into the gene pool, was seen in 
a study of Sclerotinia sclerotium, which infects both cultivated canola plants and weeds growing 
near the edge of the field (Kohn, 1995). The diversity of MLH of S. sclerotium was much lower 
when collected from wild populations located far from agricultural populations than in 
agricultural populations (Kohn, 1995). The original hypothesis that unmanaged populations of 
Mvc would display higher levels of genetic diversity was rejected.  
Two locations, a field, BH, and an unmanaged area, SB, were identified as clonal but this 
result could be affected by their small sample sizes of 6 isolates per location, which limited the 
amount of insight into the total field population of Mvc. However, because the fields which were 
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identified as clonal had insignificant, or marginally significant, linkage disequilibrium and a 
large number of MLHs were identified relative to the number of Mvc isolates in these fields, it 
can also be assumed that sexual recombination is still occurring to some degree. 
Outside of the Down East region, one field in the Mid Coast region, SS, had three private 
alleles, two of which occurred at a frequency above 0.05. SS has both highbush (V. corymbosum) 
and lowbush blueberries growing within the same field. It is suspected that because this 
particular highbush blueberry plant was not subject to pruning by burning as the lowbush 
blueberry were, genotypes of Mvc infecting the highbush plant could escape this management 
method. It is possible that burning a lowbush blueberry field can alter the population structure of 
Mvc in a similar way as that found in bacterial communities on sugarcane crops where 
populations in burned fields were significantly different from sugarcane crops which were not 
burned, indicating that burning a crop can have impacts on a microbial population (Rachid et al., 
2013). Burning could lead to certain haplotypes or alleles that could escape this selection event 
by being present in highbush instead of lowbush and later reproducing freely with populations of 
Mvc of lowbush in the same field. Alleles, including private alleles, present in Mvc in lowbush 
were also present in Mvc in highbush in this field, indicating that Mvc on both hosts in SS could 
be one reproducing population. This overlap between highbush and lowbush Mvc alleles was 
also seen by Burchhardt and Cubeta (2015) in which isolates of Mvc from lowbush blueberry 
were assigned to genetic clusters with Mvc from highbush blueberry. The presence of highbush 
blueberry plants infected with Mvc which had common alleles shared with lowbush and 
highbush plants could point to higher rates of diversity because the highbush plant acts as a 
reservoir for some haplotypes. This is another area of possible future research as unmanaged 
lowbush, highbush, and the crossed “half-high” blueberry plants are occasionally found near 
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rocks, on the perimeter of, or in the forest surrounding a commercial lowbush blueberry field, 
since blueberries are present in forest understories in Maine naturally (Scott et all., 1973). 
MacDonald and Linde (2002) found that fungal pathogens which reproduce both asexually and 
sexually are at a genetic advantage compared to fungal pathogens which only reproduce 
asexually because of their ability to recombine alleles, and new genotypes are then challenged by 
new resistant genes in the host or by fungicides. While there is not much data concerning the 
impacts on the population genetics of Mvc as a result of fungicide use, it can be inferred that the 
population could change as a result of the population size decreasing, as found when fungicides 
are used to control Mvc in highbush blueberry. In 2017 and 2018 studies of effectivity of various 
fungicides against Mvc of highbush blueberry in Michigan, the number of pseudosclerotia on a 
single plant was 0-4 pseudosclerotia in plants treated with fungicides compared to the untreated 
plants with 41.75 pseudosclerotia in 2017 and 0-3.3 pseudosclerotia per plant when treated with 
fungicides compared to the untreated plants with 39.5 pseudosclerotia in 2018 (Gillett et al., 
2018; Gillett et al., 2019). Because Mvc can also infect these unmanaged blueberries and avoid 
the selection pressure of disease management by burning or the use of fungicides, the presence of 
these plants could potentially lead to gene flow, and more diverse Mvc populations within fields. 
Although some MLHs of Mvc may escape the application of fungicide or burning, this large 
reduction in population size could impact allele frequencies over time and could constitute a 
genetic bottleneck if the genetic composition of the population was greatly altered (Elseth and 
Baumgardner, 1995).  
The presence of private alleles within a field can indicate gene flow because unique 
alleles in fields are likely the result of migrants. One of the fields with private alleles present, IV, 
had a private allele that was seen only in one isolate out of 23 MLH and was likely due to 
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random recombination or sampling variation because private alleles occurring at high 
frequencies can be attributed to migration, but private alleles occurring at low frequencies can 
indicate a bottleneck event or sampling variation (Nei et al., 1975; Slatkin, 1985; Elseth and 
Baumgardner, 1995). The field IV was last burned in 2017 and this could have led to a selection 
event in the Mvc population because the individuals which were removed from the population as 
a result of burning would not be able to contribute their genes to the next generation. In another 
field, PB, four private alleles were present, but only one occurred at a frequency above 0.05. This 
field has been recently transitioned from being managed with fungicides to being managed 
organically by burning and was pruned by burning in 2016. This event could have caused a 
decrease in the Mvc population size which may have altered allele frequencies. According to the 
manager of that field, it was “likely burned in the 1980’s, but has been pruned [by mowing] for 
the last 30 years” (Bruce Hall, personal communication, November, 2019). The second selection 
event also occurred in 2016 when PB, which was previously in a split field cycle was converted 
to an entire field. It is possible that Mvc which had adapted to a split cycle, in which susceptible 
plant tissue types are present every year, was impacted by the sudden shift to all plants being at 
the same developmental stage and not having susceptible tissue one year of the Mvc lifecycle. In 
a common garden study examining the emergence of apothecia from pseudosclerotia collected 
from Mvc in several fields in Maine, some pseudosclerotia germinated during the first year after 
overwintering and others germinated after two or more years, which could indicate an adaptation 
to a cropping cycle (Case, 2018). Suddenly shifting the cropping strategy as was done in PB in 
2016 could exert selection pressure on the population due to the unavailability of susceptible 
tissue to infect, which had been present at every year in the past when the field was a split field. 
The three private alleles in PB which occurred below a frequency of 0.05 could be the result of 
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these two selection events which resulted in the loss of individuals with these alleles and thus 
lower frequencies of private alleles (Nei et al., 1975). PB had the largest number of low 
frequency private alleles compared to other fields with private alleles present (AP, BRR, HO, IV, 
SB, and SS). All other private alleles which were present in AP, BRR, HO and SB were at a 
frequency above 0.05, which could indicate gene flow (Slatkin, 1985).  
Private alleles occurred in pseudosclerotia in ten out of the twelve total private alleles 
found in this study, which could point to gene flow via conidia, which are produced in large 
numbers, moved by pollinators, and result in the formation of pseudosclerotia via ovary 
infection. The rental of honey bees to pollinate lowbush blueberry plants is a common practice in 
Maine, and in a survey taken between 2011 and 2012, 77% of lowbush blueberry growers 
indicated they rented bees (Hanes et al., 2015). Bees are an important part of the lifecycle of both 
lowbush blueberries and Mvc as they vector both lowbush blueberry pollen and Mvc conidia to 
susceptible flowers. It was found that growers with more fields typically use higher inputs to 
their field (Hanes et al., 2015), and multiple managers have large groups of multiple fields in the 
Down East region. It has been found that even in agricultural settings with distributed patchy 
forests, honey bees will forage approximately 1526 meters from their hive (Steffan-Dewenter 
and Kuhn, 2003). Long distance foraging could occur in Maine lowbush blueberry fields as well, 
especially if large number of bees were competing for resources, and bees could also be a cause 
of Mvc migration, via conidia, between fields. There is also little information on if fungal 
pathogens could move with a hive as the rented bees are moved around various agricultural 
systems around the country, but this could also be a source of gene flow. Burchhardt and Cubeta 
(2015) found that Mvc from fields which were far apart geographically, such as Mvc collected 
from different cultivars of highbush blueberry in Massachusetts, Michigan, New Jersey, New 
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York, and Washington, could show similar clustering patterns and this may be due to a common 
ancestor. 
After the transfer of one or more conidia and subsequent colonization of the ovary, two or 
more MLH of Mvc can occur within a pseudosclerotium as seen by Burchhardt and Cubeta 
(2015) and also in this study in which one pseudosclerotia from IV had two MLHs present. The 
finding of multiple MLH present in a single pseudosclerotia in this study could be due to the 
small sample size of only 8 pseudosclerotia having multiple quarters fingerprinted. Karyogamy 
is also speculated to occur in the pseudosclerotium resulting in either heterothallic ascospores if 
the MLHs of Mvc in the pseudosclerotia are genetically distinct, or homothallic ascospores if the 
MLHs of Mvc in the pseudosclerotia are the same, closely related, or only one MLH is present. 
The control of conidial infection of flowers through methods, such as the use of hive mounted 
dispensers of biological control agents which can be vectored by pollinators at the same time as 
conidia (Dedej, 2005), could result in reduced blueberry losses to Mvc. Because these biological 
control agents could prevent the infection of the blueberry ovary, introduced Mvc conidia from 
other fields could be inhibited and thus prevent the introduction of new alleles to the population.   
It was noted that fields which were relatively isolated from other fields tended to show 
similar clustering patterns to other isolated fields. While this is not statistically significant by the 
Mantel tests that closer fields were more similar genetically, the coefficients of determination 
(R2) for both the whole dataset and the dataset without the geographic outlier SB were incredibly 
low indicating that the data was a poor fit and other factors could be at play. The amount of 
adaptation of a fungal pathogen to a host crop makes isolation by distance less likely to occur 
and thus geographically neighboring fields are not necessarily more closely related (MacDonald, 
1997). Although positive spatial autocorrelation was detected in lowbush blueberry by Beers 
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(2019), it was also found that 91.6% of variation was found within lowbush blueberry fields and 
8.4% of variation was found among fields. However, if a larger number of isolates were 
collected along a larger range, especially from forest populations around the fields and fields 
with similar management, a gradient of relatedness by location could perhaps be seen more 
clearly, should it exist at all.  
In conclusion, the population of Mvc in Maine is very diverse and mostly reproduces 
sexually. There is evidence that the majority of gene flow is occurring through the transfer of 
conidia resulting in the presence of the majority of private alleles in pseudosclerotia. Apothecia 
of Mvc in Maine were shown to be either homothallic and heterothallic, and both were present in 
Maine Mvc populations. Heterothallic apothecia are thought to be the product of recombination 
of different MLHs within a pseudosclerotium, and homothallic apothecia are the product of 
reproduction by one MLH within a pseudosclerotium. High amounts of gene flow and similar 
clustering was seen between fields in the Down East region, which is likely due to common 
managers moving equipment between multiple fields. However, it was not found that Mvc was 
more closely related based on geographic location and the majority of genetic diversity occurred 
within field populations. While no significant differences were seen between different 
management strategies, further research observing changes in allele frequencies over time could 
possibly indicate the impact of these techniques on the population genetics of Mvc.  
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APPENDIX 
Table A.1 Clone corrected dataset by field and life stage with microsatellite repeats at each loci 
Isolate Description Microsatellite Markers 
Field Life Stage ID1  Mvc7 Mvc10 Mvc12 Mvc14 Mvc15 Mvc22 Mvc23 Mvc25 Mvc27 Mvc28 
AP Ascospore 01 18 3 5 3 1 4 3 1 1 2 1 
AP Ascospore 01 22 3 10 3 1 4 3 1 4 2 1 
AP Ascospore 01 06 3 5 2 2 4 3 1 1 2 1 
AP Ascospore 02 01 2 7 3 3 4 6 1 2 2 1 
AP Ascospore 02 19 2 7 2 3 4 6 1 2 2 1 
AP Ascospore 04 03 3 4 2 3 4 3 1 5 2 1 
AP Conidia 11 03 2 6 2 3 4 3 1 4 2 1 
AP Conidia 12 15 2 8 2 1 4 3 1 2 2 1 
AP Conidia 03 11 3 4 2 3 4 3 1 1 2 1 
AP Conidia 04 01 2 13 2 3 4 6 1 4 2 1 
AP Pseudosclerotia 10 A 3 1 2 3 5 3 1 4 2 1 
AP Pseudosclerotia 36 A 2 1 3 3 4 3 1 2 2 4 
AP Pseudosclerotia 39 A 2 13 2 2 4 3 1 1 2 1 
AP Pseudosclerotia 42 A 3 8 2 1 4 3 1 3 2 1 
AP Pseudosclerotia 48 A 2 6 2 2 4 3 1 2 2 1 
AP Pseudosclerotia 50 A 3 9 2 1 5 8 1 2 2 1 
AP Pseudosclerotia 54 A 3 9 2 1 4 3 1 4 2 1 
AP Pseudosclerotia 56 A 3 9 3 2 4 3 1 4 2 1 
AP Pseudosclerotia 58 C 3 8 3 1 4 4 1 2 2 1 
AP Pseudosclerotia 61 A 0 7 3 1 4 3 1 2 2 1 
ARH Ascospore 01 01 2 8 3 3 4 6 1 3 2 1 
ARH Ascospore 01 10 1 8 3 3 4 6 1 2 2 1 
ARH Ascospore 01 02 2 8 4 3 4 6 1 3 2 1 
ARH Ascospore 01 09 2 9 3 3 4 6 1 2 2 1 
ARH Ascospore 10 11 1 6 2 3 4 3 1 4 2 1 
ARH Ascospore 10 18 1 9 4 1 4 3 1 4 2 1 
ARH Ascospore 10 05 1 6 2 1 4 3 1 4 2 1 
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Table A.1 Continued 
ARH Ascospore 12 13 2 5 3 1 4 8 1 2 2 3 
ARH Ascospore 02 10 2 7 3 3 4 2 0 2 2 1 
ARH Ascospore 02 03 2 7 2 3 4 2 0 2 2 1 
ARH Ascospore 03 11 2 7 2 2 5 6 0 2 2 1 
ARH Ascospore 03 02 1 7 2 2 5 7 1 2 2 1 
ARH Ascospore 03 07 2 6 2 2 4 6 1 2 2 1 
ARH Ascospore 03 08 1 6 3 2 5 7 1 2 2 1 
ARH Ascospore 04 11 3 7 3 1 4 7 1 1 2 3 
ARH Ascospore 04 02 1 7 3 1 4 7 1 1 2 1 
ARH Ascospore 04 03 1 7 3 1 5 7 1 1 2 1 
ARH Ascospore 04 04 3 7 3 3 4 8 1 1 2 3 
ARH Ascospore 04 05 1 7 3 3 5 7 1 1 2 1 
ARH Ascospore 06 11 1 7 2 1 5 7 1 2 2 1 
ARH Ascospore 06 04 1 9 2 1 1 6 1 1 2 1 
ARH Ascospore 06 06 1 9 0 1 0 6 1 1 2 1 
ARH Ascospore 06 09 1 7 2 1 1 7 1 2 2 1 
BH Ascospore 01 14 3 6 2 1 4 3 1 1 2 3 
BH Ascospore 02 01 3 4 3 1 4 4 0 0 0 1 
BH Ascospore 02 10 2 4 3 1 4 4 8 2 2 1 
BH Ascospore 02 03 3 6 3 1 5 4 8 1 2 1 
BH Ascospore 02 08 3 4 3 1 5 4 1 2 2 1 
BH Conidia 03 01 2 4 4 2 4 8 1 2 2 1 
BRR Pseudosclerotia 11 D 2 6 1 2 5 3 1 4 2 1 
BRR Pseudosclerotia 12 C 2 7 1 1 1 3 1 1 2 1 
BRR Pseudosclerotia 13 A 2 5 2 3 4 8 1 1 2 1 
BRR Pseudosclerotia 14 A 3 7 2 3 5 8 1 2 2 3 
BRR Pseudosclerotia 18 C 2 5 2 3 4 3 1 2 2 1 
BRR Pseudosclerotia 20 C 3 3 2 3 4 8 1 4 2 1 
BRR Pseudosclerotia 21 C 2 6 2 2 5 3 1 2 2 4 
BRR Pseudosclerotia 03 A 2 7 2 3 5 3 1 4 2 1 
BRR Pseudosclerotia 06 C 3 6 1 3 1 3 1 3 2 1 
              
 75 
 
Table A.1 Continued 
BRR Pseudosclerotia 07 C 2 6 3 1 4 3 0 4 2 1 
BRR Pseudosclerotia 09 C 2 7 4 3 4 3 1 4 2 1 
DP Ascospore 02 09 2 2 2 2 4 3 1 2 2 1 
DP Ascospore 03 01 3 4 0 0 4 3 1 2 2 1 
DP Ascospore 03 10 3 4 2 3 4 3 1 2 2 1 
DP Ascospore 03 11 3 6 3 1 4 3 1 2 2 1 
DP Ascospore 03 06 3 7 2 1 4 6 1 2 2 1 
DP Ascospore 03 08 2 7 2 1 4 6 1 2 2 1 
DP Ascospore 04 04 3 4 2 1 4 3 1 2 2 1 
DP Ascospore 5A 01 3 7 3 1 4 3 1 2 2 1 
DP Ascospore 5A 02 3 0 2 3 4 3 1 2 2 1 
DP Ascospore 5A 08 2 4 2 1 4 3 1 2 2 1 
DP Pseudosclerotia 10 C 3 2 2 1 4 3 1 2 2 1 
DP Pseudosclerotia 01 B 2 6 2 1 4 3 1 2 2 1 
DP Pseudosclerotia 16 A 3 4 2 3 4 6 1 2 2 1 
DP Pseudosclerotia 18 A 2 6 3 1 4 3 1 2 2 1 
DP Pseudosclerotia 19 A 2 4 2 3 4 6 1 2 2 1 
DP Pseudosclerotia 05 A 2 4 2 1 4 6 1 2 2 1 
DP Pseudosclerotia 06 A 3 6 2 1 4 3 0 2 2 1 
HO Ascospore 01 03 2 5 3 3 5 6 1 2 2 1 
HO Ascospore 01 09 2 5 2 3 5 6 1 2 2 1 
HO Ascospore 10 10 2 3 3 3 1 3 1 2 2 1 
HO Ascospore 11 17 3 9 2 1 5 3 1 1 2 1 
HO Ascospore 12 01 3 7 2 1 5 7 1 5 2 1 
HO Ascospore 12 11 3 9 2 1 4 7 1 2 2 1 
HO Ascospore 14 07 2 8 2 3 4 7 1 2 2 1 
HO Ascospore 14 09 2 7 2 3 4 4 1 1 2 1 
HO Ascospore 16 03 2 9 3 3 4 8 1 4 2 1 
HO Ascospore 16 09 2 8 2 3 4 3 1 4 2 1 
HO Ascospore 02 10 2 6 3 3 4 3 1 3 2 1 
HO Ascospore 03 01 3 3 2 1 5 3 0 1 2 1 
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Table A.1 Continued 
HO Ascospore 03 03 2 3 2 3 5 3 0 4 2 1 
HO Ascospore 04 01 3 9 2 3 5 8 1 4 2 1 
HO Ascospore 04 04 3 9 2 3 4 1 1 2 2 1 
HO Ascospore 05 01 3 7 3 3 4 3 1 2 2 1 
HO Ascospore 06 02 2 7 2 1 4 3 1 1 2 1 
IV Ascospore 01 02 2 6 3 1 4 7 1 4 2 1 
IV Ascospore 01 09 3 6 3 1 4 3 1 2 2 1 
IV Ascospore 02 03 2 11 3 3 4 7 1 2 2 4 
IV Ascospore 03 10 2 1 3 3 4 3 1 1 2 1 
IV Ascospore 03 05 2 6 3 3 4 7 1 1 2 1 
IV Ascospore 04 11 3 5 3 2 4 7 1 2 2 1 
IV Pseudosclerotia 13 A 3 7 3 1 4 8 1 2 2 4 
IV Pseudosclerotia 14 C 3 6 3 3 4 7 8 2 2 1 
IV Pseudosclerotia 15 A 2 5 3 1 5 3 1 2 2 1 
IV Pseudosclerotia 02 A 2 1 3 2 5 3 8 3 2 4 
IV Pseudosclerotia 20 C 2 6 3 1 5 3 1 1 2 1 
IV Pseudosclerotia 22 A 3 6 3 2 4 3 1 1 2 4 
IV Pseudosclerotia 23 A 2 6 3 1 4 8 1 2 2 1 
IV Pseudosclerotia 25 A 2 7 2 1 4 7 1 2 2 4 
IV Pseudosclerotia 26 C 2 7 2 1 5 7 1 2 2 4 
IV Pseudosclerotia 27 A 3 6 2 1 4 3 1 1 4 1 
IV Pseudosclerotia 28 A 1 5 2 3 5 3 1 1 2 1 
IV Pseudosclerotia 29 B 3 1 3 1 4 6 0 3 2 1 
IV Pseudosclerotia 04 C 3 6 3 1 4 3 1 1 2 4 
IV Pseudosclerotia 05 A 2 11 2 1 3 7 1 1 2 1 
IV Pseudosclerotia 06 A 3 5 2 1 4 7 1 4 1 4 
IV Pseudosclerotia 08 C 2 7 2 3 5 7 1 2 2 1 
IV Pseudosclerotia 09 C 2 4 2 3 4 3 1 2 2 4 
PB Conidia 10 11 3 7 2 1 4 3 1 2 2 4 
PB Conidia 08 14 2 8 2 1 4 3 1 2 2 1 
PB Conidia 09 05 2 14 3 0 4 6 1 4 2 3 
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Table A.1 Continued 
PB Pseudosclerotia 12 A 3 6 2 3 4 3 1 1 2 1 
PB Pseudosclerotia 20 C 3 5 3 3 4 7 1 3 2 4 
PB Pseudosclerotia 38 D 3 5 3 1 4 2 1 2 2 1 
PB Pseudosclerotia 40 A 3 7 4 3 3 6 1 2 2 1 
PB Pseudosclerotia 45 A 3 4 3 1 1 4 1 4 2 1 
PB Pseudosclerotia 50 B 2 7 3 3 4 4 1 1 2 1 
PB Pseudosclerotia 07 C 3 2 2 3 8 3 1 2 2 1 
PB Pseudosclerotia 12 C 2 4 3 2 4 3 1 4 2 4 
PB Pseudosclerotia 14 A 3 7 2 1 4 3 1 2 2 1 
PB Pseudosclerotia 27 A 2 1 3 3 4 3 8 2 2 3 
PB Pseudosclerotia 03 A 2 7 2 1 4 3 8 2 2 1 
PB Pseudosclerotia 35 C 3 8 4 1 4 3 5 4 2 1 
PB Pseudosclerotia 36 A 4 3 2 1 4 3 2 2 2 1 
PB Pseudosclerotia 38 B 2 8 3 3 4 3 0 4 2 3 
PB Pseudosclerotia 40 D 3 5 3 1 4 8 1 2 2 3 
PB Pseudosclerotia 41 A 2 5 3 2 5 7 1 2 2 1 
PB Pseudosclerotia 44 A 3 4 3 1 4 3 1 4 2 1 
PB Pseudosclerotia 47 C 3 5 4 2 4 4 8 2 2 1 
PB Pseudosclerotia 48 C 3 6 2 1 4 3 8 1 2 1 
PB Pseudosclerotia 49 B 2 7 3 2 1 3 0 2 2 1 
PB Pseudosclerotia 50 B 2 5 3 1 5 6 1 2 4 1 
PB Pseudosclerotia 07 D 2 5 3 3 4 3 1 2 2 1 
PB Pseudosclerotia 08 C 3 7 2 2 8 3 1 2 2 4 
SB Pseudosclerotia 11 A 3 5 2 1 4 2 1 4 2 3 
SB Pseudosclerotia 13 A 3 5 2 1 4 2 1 4 2 1 
SB Pseudosclerotia 16 B 3 4 3 3 4 3 1 2 2 3 
SB Pseudosclerotia 04 C 3 4 2 3 4 3 1 2 2 3 
SB Pseudosclerotia 05 A 3 4 3 1 4 2 1 2 2 1 
SB Pseudosclerotia 09 A 3 5 9 3 4 3 1 1 2 3 
SSH Pseudosclerotia 10 D 3 5 3 1 4 3 1 1 2 3 
SSH Pseudosclerotia 12 B 3 11 3 3 4 3 1 2 2 1 
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Table A.1 Continued 
SSH Pseudosclerotia 13 C 2 5 2 3 4 2 1 3 2 1 
SSH Pseudosclerotia 17 A 3 4 2 2 4 3 1 5 2 3 
SSH Pseudosclerotia 18 C 2 4 3 1 5 3 1 2 2 3 
SSH Pseudosclerotia 02 B 2 5 3 1 4 3 6 2 2 1 
SSH Pseudosclerotia 20 A 4 5 3 1 4 3 1 2 2 1 
SSH Pseudosclerotia 25 A 2 4 3 1 4 3 6 2 5 1 
SSH Pseudosclerotia 27 A 2 6 3 3 5 4 1 4 2 1 
SSH Pseudosclerotia 03 C 2 5 3 2 4 3 1 2 5 1 
SSH Pseudosclerotia 30 B 3 10 3 2 4 3 1 4 2 1 
SSH Pseudosclerotia 31 A 2 10 2 1 4 4 1 1 2 1 
SSH Pseudosclerotia 33 B 3 10 3 1 4 3 0 2 2 1 
SSH Pseudosclerotia 34 A 2 7 3 1 4 3 4 1 2 1 
SSH Pseudosclerotia 37 A 2 4 3 1 4 3 1 2 5 1 
SSH Pseudosclerotia 38 A 3 5 3 1 5 3 1 3 2 1 
SSH Pseudosclerotia 04 A 2 4 2 1 4 3 1 4 2 1 
SSH Pseudosclerotia 05 A 3 4 4 1 5 3 1 2 2 1 
SSH Pseudosclerotia 06 B 3 6 2 1 5 3 1 2 2 3 
SSH Pseudosclerotia 07 B 3 4 3 1 4 3 1 2 2 1 
SSL Pseudosclerotia 01 B 3 6 3 3 4 3 1 2 2 3 
SSL Pseudosclerotia 11 C 2 4 3 3 5 4 1 2 2 1 
SSL Pseudosclerotia 13 A 2 4 3 1 5 4 1 2 2 1 
SSL Pseudosclerotia 02 A 1 4 3 1 4 3 1 2 2 1 
SSL Pseudosclerotia 09 A 3 6 3 3 4 10 1 2 5 1 
WPF Ascospore 01 01 3 6 3 3 4 3 1 1 2 1 
WPF Ascospore 01 02 3 4 2 3 5 8 1 2 2 1 
WPF Ascospore 01 06 2 6 4 3 4 3 1 4 2 1 
WPF Ascospore 01 08 2 6 3 3 4 3 1 1 2 1 
WPF Pseudosclerotia 10 C 3 12 2 1 4 8 4 2 2 1 
WPF Pseudosclerotia 12 A 2 6 2 1 4 3 1 4 2 1 
WPF Pseudosclerotia 14 A 2 4 4 1 5 3 1 4 2 3 
WPF Pseudosclerotia 15 B 4 4 2 1 4 3 1 3 2 1 
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1 First number indicates the originating apothecium for ascospores, stem for conidia, and pseudosclerotia. Isolates with the same first 
number from the same field are from the same originating tissue. For pseudosclerotia isolates, the letter indicates the isolated quarter 
of pseudosclerotia. 
 
 
 
Table A.1 Continued 
WPF Pseudosclerotia 20 B 2 4 2 1 4 3 1 4 2 3 
WPF Pseudosclerotia 23 C 4 7 2 1 5 7 4 4 2 1 
WPF Pseudosclerotia 33 A 2 6 2 1 5 3 1 2 2 1 
WPF Pseudosclerotia 04 D 2 5 2 3 4 3 1 2 2 1 
WPU Ascospore 01 12 4 4 2 1 5 7 4 2 2 1 
WPU Ascospore 01 02 4 6 2 1 5 3 1 4 2 1 
WPU Ascospore 01 03 4 6 2 1 5 3 4 4 2 1 
WPU Ascospore 01 06 4 6 2 1 5 3 4 2 2 1 
WPU Ascospore 01 07 4 4 2 1 5 3 1 4 2 1 
WPU Ascospore 02 11 4 6 2 1 5 3 1 2 2 1 
WPU Ascospore 03 12 4 6 3 1 4 3 1 4 2 1 
WPU Conidia 01 01 4 7 2 1 4 3 1 2 2 1 
WPU Conidia 10 01 1 6 3 3 4 3 1 2 2 3 
WPU Conidia 08 10 3 6 3 2 4 3 1 3 2 1 
WPU Conidia 09 01 3 5 2 2 4 3 1 4 2 1 
WPU Pseudosclerotia 01 D 3 6 3 1 4 3 1 2 2 1 
WPU Pseudosclerotia 22 C 4 4 2 1 5 3 1 2 2 1 
WPU Pseudosclerotia 31 C 2 4 3 2 4 3 1 4 2 1 
WPU Pseudosclerotia 35 C 1 6 2 3 4 3 4 2 2 3 
WPU Pseudosclerotia 42 A 4 7 2 2 4 7 4 4 2 3 
WPU Pseudosclerotia 05 A 3 12 2 3 4 3 1 3 2 1 
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A.2 Coordinates for the twelve fields included in this study 
Location X Y 
AP 44.7364 -68.0018 
ARH 44.3427 -69.2077 
BH 44.6517 -67.9016 
BRR 44.5822 -68.1225 
DP 44.2984 -69.1873 
HO 44.6255 -67.9369 
IV 44.7755 -68.0811 
PB 45.2623 -69.285 
SS 44.5253 -68.8706 
WPF 44.6758 -68.9577 
WPU 44.6759 -68.9577 
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